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Catfish fillets that were enhanced with salt and various phosphate treatments 
through vacuum tumbling or multi-needle injection were evaluated for yield, protein 
exudate (only tumbling), surface color, pH, cooking loss, tenderness, purge loss and 
shelf-life. An agglomerated sodium phosphate blend (AGSP) was the optimum treatment 
for both vacuum tumbling and multi-needle injection and was further utilized in 
conjunction with potassium lactate (PL) and/or potassium acetate (PA) through vacuum 
tumbling to determine their effect on the quality, shelf-life and sensory characteristics of 
enhanced catfish fillets. In addition, the combination of AGSP and PA+PL that 
maximized shelf-life was further utilized in conjunction with liquid or wood smoking to 
evaluate the quality and inhibition of L. monocytogenes growth in ready-to-eat (RTE) 
smoked catfish fillets. All phosphate treatments increased (P<0.05) tenderness, but AGSP 
that contained mono-, tri-, and polyphosphates increased (P<0.05) pH and yield and 
decreased (P<0.05) yellowness in both tumbling and injection systems when compared to 
 
the control treatment. In addition, AGSP decreased (P<0.05) protein exudate when fillets 
were tumbled and increased (P<0.05) solution pick-up when injected. Psychrotrophic 
plate counts (PPC) for all phosphate treatments were similar to the control at each storage 
time and reached 7 log CFU/g by day 7 of storage; however, when AGSP was used in 
conjunction with PA+PL, PPC and sensory spoilage scores of raw catfish fillets were 
lower (P<0.05) than the control at each storage time. Marinating with a combination of 
0.25% PA and 0.58% PL increased shelf-life (P<0.05) to between 10 and 14 days when 
compared to the control which had a shelf-life between 7 and 10 days. In addition, 
consumers preferred (P<0.05) fried catfish fillets that were treated with AGSP with and 
without PA+PL when compared to non-marinated controls with respect to appearance, 
flavor and overall acceptability.  
In conclusion, AGSP optimized yield and improved the quality of refrigerated 
catfish fillets, and extended shelf-life three days over other treatments when combined 
with PA+PL. This combined treatment also enhanced sensory properties of fried catfish 
fillets and had a synergistic effect with wood smoke constituents that inhibited the growth 
of L. monocytogenes on RTE smoked catfish fillets. 
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Seafood demand has increased in both the United States and the world due to 
population growth and consumers’ awareness of the health benefits of fish and shellfish. 
This has caused the aquaculture of commercial fish and other seafood products to become 
a significant agricultural commodity in the United States (Nagle and others 2003). 
Channel catfish (Ictalurus punctatus) is one of the most prevalent species of aquatic 
animals that is commercially cultured in the United States, and is being consumed to 
some extent in all of its regions (Wellborn 1988; Morris and others 1995). Consuming 
farm-raised catfish has been shown to have many positive health benefits. It is low in 
calories, total fat, saturated fat, and is a good source of lean protein (Al-Turk 2007). 
However, the quality and shelf-life of refrigerated catfish fillets are still a significant 
concern for the catfish industry (Brotsky and others 1987).  
Phosphates and salt (sodium chloride) are important ingredients in meat 
processing and enhancement. Addition of phosphates and salt to whole muscle or fresh 
meat cuts such as pork longissimus and broiler pectoralis muscles have been utilized to 
increase product yields, thus increasing tenderness and juiciness (Lyon and others 1998; 
Young and others 1999; Hashim and others 1999; Robbins and others 2002; Prestat and 
others 2002; Wicklund and others 2005). Phosphates are used in seafood products for 
moisture and flavor retention, prevention of lipid oxidation, shelf-life extension and 
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cryoprotection (Lampila 1992). Phosphates are capable of maintaining the functional 
properties of myofibrillar proteins, which helps preserve muscle integrity, inhibits the 
drip loss of the fresh fish, and helps prevent economic loss due to moisture loss during 
thawing and cooking (Goncalves and Ribeiro 2008).  
Mechanisms by which alkaline phosphates and polyphosphates enhance meat 
hydration include pH, ionic strength, and specific interactions of phosphate anions with 
divalent cations and myofibrillar proteins (Thorarinsdottir and others 2001). Salt also 
contributes to phosphate functionality because it has a major effect on ionic strength, 
especially since phosphate use is limited to less than 0.5%.  The chloride ion also 
increases the electrostatic repulsion of muscle proteins, which allows more water to be 
bound or trapped within the muscle fibers, which reduces fluid loss during cooking 
(Knipe 2004). However, the effectiveness of phosphates on water-holding properties of 
seafood products depends mainly on the type and quantity of phosphate, and on seafood 
species (Goncalves and Ribeiro 2008). Lewis and others (1986) concluded that increased 
yields are generally associated with increased dispersion of myofibrillar proteins.  
Various alkaline phosphates are currently utilized as blends to maximize yields 
and improve product quality in the food industry (Alvarado and others 2007; Brouilette 
2007) as different phosphate forms are optimum for protein extraction, buffering 
capacity, chelating ability, water binding, and emulsification. Agglomerated and spray-
dried phosphates are more functional and have better solubility than drum-dried 
phosphates (Brouilette 2007). Agglomerated phosphates are the most expensive 
phosphates, but these phosphates may be able to provide more benefits, such as increased 
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marinade pick-up, improved solubility in cold water, increased salt tolerance, and 
improved yields and performance in hard water systems (Brouilette 2007). Agglomerated 
blends of phosphates also possess desirable properties such as alkaline pH, calcium 
compatibility, the ability to hydrolyze into the diphosphate form, the solubilization of 
myofibrillar proteins, and the exposure of charged binding sites to increase water binding 
capacity (Molins 1991; Alvarado and McKee 2007). However, minimal research has 
been published pertaining to the enhancement of catfish fillets and the determination of 
which agglomerated phosphate blend should be utilized to enhance catfish fillets when 
vacuum tumbling and injection systems are used. 
Currently, catfish fillets have a maximum fresh distribution shelf-life of 4-10 days 
(Garcia 1999).  Extending this shelf-life to 15 days would expand the distribution range 
of fresh catfish, reduce shrink and spoilage, make it easier to offer fresh catfish on the 
market and increase the value of the product. Conjugate bases such as sodium lactate, 
potassium lactate, sodium acetate, and potassium acetate have been utilized in pork and 
poultry products to extend shelf-life through the reduction of reducing bacterial load and 
to decrease food safety risks through inhibiting the growth of pathogens, especially 
Listeria species. The weak acids associated with these bases have also been utilized to 
extend the shelf-life of pork and poultry. However, it has been found that acids change 
the appearance of pork or poultry meat by affecting heme-associated reactions and the 
physical structure and light reflecting properties of muscle (Forrester and others 2002). 
Acids also affect physical properties such as shear force, water-holding capacity, drip 
loss, cooking loss, juiciness, pH, microbial stability, and shelf-life (Forrester and others 
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2002). Therefore, research needs to be performed to determine which commercially 
available antimicrobial products can be utilized in catfish fillets to extend their shelf-life 
without negatively affecting product quality. 
Catfish fillets that are enhanced with a combination of salt, phosphates, lactate, 
and acetate can be further processed to produce value-added catfish products such as 
ready-to-eat (RTE) smoked catfish fillets. Catfish fillets are hot-smoked using either 
wood chips or liquid smoke condensates. Al-Shuwaish (2000) reported that brining and 
hot-smoking catfish can improve flavor, and that the shelf-life is extended to several 
weeks at refrigeration temperatures in comparison to between 10 and 13 days for non-
smoked catfish. 
Smoked fish are normally stored at refrigeration temperature to prolong storage 
stability (Benjakul and Aroonrueng 1999), but L. monocytogenes is a pathogen of 
concern in refrigerated RTE smoked fish because it has the ability to grow at refrigeration 
temperatures. This pathogen has been cultured and identified on hot and cold smoked fish 
and grows well on hot smoked fish since competitive spoilage bacteria are destroyed 
during thermal processing, and L. monocytogenes are able to grow on smoked fish that 
are contaminated posterior to processing (Arritt and others 2008; Ingham and Lau 2003). 
Therefore, RTE smoked fish poses a food safety concern to the food industry since 
smoked fish is usually consumed without additional cooking or heating steps (Yoon and 
others 2004; Dillon and others 1992; Guyer and Jemmi 1991). Preventive and control 
measures are needed to minimize the incidence of L. monocytogenes and to provide safe 
RTE food products to the consumer. At least five key procedures need to be included in 
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an effective L. monocytogenes control program for RTE seafood products, such as 
smoked fish: (i) Listeria specific good manufacturing practices (GMPs) and sanitation 
procedures, (ii) employee training, (iii) environmental microbiological monitoring and 
testing, (iv) raw material controls, and (v) controls to minimize growth in the finished 
products (Kramer and Brown 2008). Antilisterial properties can potentially be achieved 
by incorporating combinations of treatments or antimicrobials such as potassium acetate 
and/or potassium lactate in the formulation. 
The first objective of this study was to determine the effects of various 
agglomerated phosphate blends that differ in chain length and pH on the quality of 
vacuum-tumbled catfish fillets that were stored at refrigeration temperature. The second 
objective was to determine the effects of various agglomerated phosphate blends on the 
quality of multi-needle injected catfish fillets that were stored at refrigeration 
temperature. The third objective was to determine the combined effects of potassium 
acetate (PA) and/or lactate (PL) in conjunction with agglomerated sodium phosphates 
(AGSP) on the quality attributes and shelf-life of vacuum-tumbled catfish fillets that were 
stored at refrigeration temperature. The fourth objective was to evaluate the effect of 
liquid smoke and/or wood smoking in conjunction with AGSP and PA+PL on the quality 









2.1 United States Catfish Industry 
Channel catfish (Ictalurus punctatus) is a freshwater fish species of the 
Ictaluridae family in the Siluriformes order that originated in the Southeast and the 
Midwest of the United States, mainly in the drainage area of the Mississippi River (Lu 
2004). In the early 1900s, the first efforts at growing catfish were made at several federal 
and state fish hatcheries (Wellborn 1988). In the 1950s, commercial channel catfish 
farming first started in Kansas and Arkansas, and was then introduced throughout the 
country (Wellborn 1988). Currently, the majority of the catfish industry in the United 
States is located in the southern states where the growing season is longer, and the water 
is warmer, thus contributing to optimum production (APHIS 1995). According to a report 
by the National Agricultural Statistical Services (NASS 2011a), catfish growers in the 
United States had sales of 403 million dollars in 2010 which was an increase of 8 percent 
from the 373 million dollars of sales reported in 2009. Catfish production is concentrated 
in Mississippi, Alabama, Arkansas and Texas which accounted for 94% of total national 
catfish sales in 2010. In addition, Mississippi leads the nation in catfish production with 
total catfish sales of more than 271 million dollars in 2010, and more than 54% of all 
catfish productions in the United States (NASS 2011a).  
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Consumption of fresh or fresh-like channel catfish is increasing due to its sweet 
taste and mild flavor as well as lack of fishy odor and consumer preference for catfish 
products (Zhuang and others 1996; NASS 2011a). Nationally, per-capita consumption of 
catfish increased from 0.88 lbs in 2007 to 0.92 lbs in 2008 (Hanson and Sites 2010). 
Farm-raised channel catfish that was processed during 2010 totaled 472 million pounds 
as compared to 466 million pounds in 2009 (NASS 2011b). Sales of whole fish 
represented 18% of the total fish sold, fillets accounted for 62%, and the remaining 20% 
were mostly steaks, nuggets, and value-added products (NASS 2011b).  
Processed catfish products usually include fillets (with or without belly flap), 
shank fillets, fillet strips (with belly flap), nuggets (belly flap), and steaks. All these 
forms are marketed fresh and frozen, and many are now sold breaded (Lu 2004; Kin 
2006). Processors also sell whole (eviscerated only) or whole dressed (deheaded, 
eviscerated, skinned) catfish. Whole dressed catfish and fillets can also be marketed by 
coating or marinating with flavors and spices such as lemon-butter, cajun and mesquite 
(Kin 2006). In addition, offal, the by-product of catfish processing, is further processed 
into fish meal and fish oil or as an ingredient for canned pet food (Kin 2006). 
 
2.2 General Aspects of Fish Quality and Shelf-life 
 
 
2.2.1 Fish Quality 
Farm-raised channel catfish is a good source of protein, has a moderate fat 
content, and is lower in cholesterol concentration but higher in polyunsaturated fatty acid 
composition (PUFA) than other muscle food such as pork, beef and poultry (Silva 1986). 
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It is also lower in sodium and higher in potassium and thiamine than many competing 
foods (Silva 1986). The normal range of proximate composition in fish flesh is: 66-81% 
water, 16-21% protein, 0.2-2.5% lipid, 1.2-1.5% ash, and less than 0.5% carbohydrate 
(Lu 2004). Channel catfish are considered to be fatty fish since it has lipid content in the 
edible portion between 4% and 10%. This lipid percentage is dependent on feed, season 
and growing environment (Lovell and Ammerman 1974).  
Fish flesh quality has been defined as the combination of appearance, taste, smell, 
firmness, juiciness, freshness, process characteristics, and safety (Delbarre-Ladrat and 
others 2006). To consumers, freshness is the major criterion for purchase selection and 
initial evaluation of fish quality since it can be evaluated directly based on appearance, 
texture and taste. Loss of freshness is caused by a combination of biochemical, chemical 
and physical processes after fish death, and is followed by muscle spoilage which is 
generally caused by microbiological growth (Delbarre-Ladrat and others 2006). 
However, fish flesh quality consists of a complex set of intrinsic factors such as texture, 
chemical composition, color, and fat content (Fauconneau and others 1995) that are 
heavily influenced by extrinsic factors such as feeding regime, diet composition, and pre- 
or post-slaughter handling procedures (Dunajski 1980; Gjedrum 1997). 
 
2.2.2 Quality Changes of Fish During Storage 
Enzymatic, biochemical, and microbial spoilage are the major factors that affect 
the quality and shelf-life of fish and fish products (Kim 1999). After fish die, several 
biochemical and enzymatic changes such as ATP breakdown and muscle proteolysis 
occur in fish muscle (Venugopal 1990). Enzymatic activity causes the initial stage of 
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spoilage in fish and is characterized by the loss of characteristic odor and taste (Fraser 
and Sumar 1998), but bacterial activity is responsible for dramatic sensory changes and 
loss of acceptability (Huss 1995). These biochemical changes provide favorable 
conditions for bacterial proliferation. Accumulation of bacterial metabolites leads to the 
development of off-odors, slime, and pigments in and on the fish (Gram and Huss 1996). 
Many off-odors are associated with the breakdown of sulfur-containing amino acids that 
are caused by spoilage bacteria (Huss 1995; Venugopal and others 1999). Enzymatic 
reactions and auto-oxidation of lipids are responsible for the deterioration of frozen fish 
products, which results in undesirable flavors, texture, and discoloration (Tozer 2001).  
 
2.2.2.1 Sensory Changes in Fish 
The first sensory changes in fish during storage pertain to appearance and texture. 
The characteristic sensory changes in fish that occur post-mortem are dependent on fish 
species and storage method (Huss 1995). It has been explained that at the point of 
harvest, fresh fish contain a delicate balance of protein, free amino acids, carbohydrates, 
nucleotides, organic acids, lipid and lipid-derived compounds (Boyd 1997). This 
accounts for a unique and characteristic flavor which is different from that of other 
muscle foods (Boyd 1997).  At this point, the fish is very fresh and has a characteristic 
sweet taste that may also have a very slight metallic taste. In some fish species, the sweet 
taste lasts for a few days after harvest. After that, there is a loss of the characteristic odor 
and taste, but the texture is still pleasant. The flavor of the fish becomes neutral (non-
specific) but has no off-odors. Microbial spoilage growth and enzymatic activity on 
proteins, nucleic acids and lipids tend to increase, and the desirable odors and flavors that 
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are in fish are replaced with undesirable odors and flavors (Boyd 1997). To this point, the 
first indications of off-odors and off-flavors are detectable. The off-odors and off-flavors 
become more pronounced and lead to the rejection of the fish due to spoilage or putrid 
odors (Gram and Huss 1996). 
 
2.2.2.2 Autolytic Changes in Fish 
Autolysis means "self-digestion" or “self-breaking down” of gut tissues or 
surrounding tissues by enzymes. This results in the weakening, softening and 
discoloration of fish tissues which subsequently affect appearance, flavor and texture 
(Huss 1995; Gram and Huss 1996). The initial quality loss in fish is most often caused by 
post-mortem autolytic changes such as enzymatic digestion and flesh degradation and is 
not related to microbiological activity. However, in some species, the enzymatic changes 
occur first and cause the fish to spoil. In other species, autolysis contributes to some 
extents of the overall quality loss, in addition to processes that are caused by 
microorganisms (Huss 1995). The rate of autolysis is dependent on temperature, and can 
be slowed down by keeping the fish at a temperature, just above the freezing point. 
Autolytic enzymes play a primary role in nucleotide breakdown. Supply of 
oxygen ceases after fish are harvested and a new sequence begins where glycogen is 
broken down and energy-rich compounds like adenosine triphosphate (ATP) are 
degraded to form catabolites. The degradation of nucleotides (ATP-related compounds), 
which is mainly catalyzed by endogenous enzymes, produces inosine monophosphate 
(IMP), which contributes to the pleasant flavor of fresh fish (Ashie and others 1996), and 
the subsequent breakdown of this product and similar products results in the loss of 
 
 11 
pleasant flavors. The depletion of ATP also causes the onset of rigor mortis, a process in 
which fish muscle is contracted and becomes stiff (Ashie and others 1996). The autolytic 
changes also contribute to spoilage, which is mainly due to the production of catabolites 
that can promote bacterial growth (Huss 1995).  
The connective tissue in the fish muscle may be broken down by endogenous 
collagenase during storage which results in gaping.  Gaping can also be caused by other 
enzymes that break down myofibrillar and connective tissue proteins, thus causing the 
muscle bundles to weaken and separate during handling (Slattery 2010). Many proteases 
have been isolated from fish muscle and cause proteolytic breakdown that is often related 
to softening of the muscle tissue (Huss 1995). Proteolytic enzymes that leak from the 
viscera also attack the organs of ungutted fish and result in a defect that is referred to as 
“belly burst” (Lu 2004). This phenomenon is more readily noticed when live fish are fed.  
The physical properties of the fish muscle can also be affected by pH change due 
to the activity of glycolytic enzymes. The muscle pH drops with an increase in lactic acid 
that occurs when fish struggle prior to harvesting and use up the available ATP 
(Regenstein and Regenstein 1991; Slattery 2010). This results in the reduction of the net 
surface charge on the muscle proteins which causes proteins to partially denature which 
causes lower water-holding capacity (Huss 1995). Loss of water has a negative effect on 
the texture of fish muscle and muscle toughness is inversely related to pH (Love 1975).  
In addition, gaping becomes progressively worse as postmortem pH decreases (Love 
1988; Slattery 2010).  
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Hultin (1992) reported that the muscle tissues of some species break down 
trimethylamine oxide (TMAO) to equimolar quantities of dimethylamine (DMA) and 
formaldehyde (FA) via enzymatic processes (TMAOase). The FA has been thought to 
induce cross-linking of muscle proteins and toughening of the tissue during storage. After 
denaturation, interaction of the proteins via hydrophobic forces induces toughening. The 
speed of DMA and FA formation is dependent on many factors such as species, storage 
temperature, muscle integrity and reducing conditions (Leelapongwattana and others 
2005). The absence of oxygen has also been shown to speed up the rate of DMA and FA 
formation. Lower temperature during storage will result in less production of DMA. 
Bacteria and enzymes that are present in the fish also split trimethylamine (TMA) from 
the phospholipids, which cause a strong characteristic fishy odor (Slattery 2010).  
 
2.2.2.3 Microbiological Changes in Fish 
The flesh of live fish is sterile, but large numbers of bacteria are normally present 
in the surface of slime, the outer surface (skin and gill) and in the intestines of live and 
newly-caught fish (Shewan 1971). The total number of organisms varies enormously. It 










 CFU/g on 
both the gills and the intestines (Shewan 1962; Liston 1980).  
The bacterial numbers that are present when fish becomes spoiled are greatly 
influenced by the initial numbers and their generation time, which depends on the degree 
of contamination, and on their growing environment (Kraft 1992). It has been reported 
that bacteria on fish from colder or temperate waters reach the exponential growth phase 
almost immediately after the fish die. This may be due to the fact that the microflora is 
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already adapted to the chill temperatures, but the bacteria on fish caught in tropical 
waters often pass through a lag-phase of 1-2 weeks if the fish are stored in ice prior to the 
start of the exponential growth phase. However, the bacterial level on fish from both 
regions is similar when they become spoiled (Gram and others 1990).  
The bacterial flora and their relative numbers are influenced more by environment 
(mainly temperature) than by fish species (Shewan 1971). It has been reported that 
bacteria that are isolated from temperate water fish are composed of more psychrotrophic 
or psychrophillic species, whereas those of warm water (tropical and subtropical areas) 
fish are composed of more mesophillic species (Huss 1995). In addition, rod shaped, 
gram-negative bacteria that belong to the genera Pseudomonas, Moraxella, 
Acinetobacter, Shewanella and Flavorbacterium and Vibrio are typical in temperate 
water fish whereas warm water fish contain more gram-positive bacteria that belong to 
the following genera: Micrococcous, Bacillus, and coryneforms (Shewan 1977). It has 
also been reported that refrigerated fish that are stored in an aerobic environment are 
spoiled mainly by Psedomonas spp. and Shewanella putrefacious because these bacteria 
have very short generation times, and thus out-compete other species at refrigeration 
temperature (Huss 1995). However, vacuum and CO2 packaging inhibit Pseudomonas 
growth, and usually shift gram-negative spoilage bacteria to gram-positive bacteria, 
which mainly consist of lactic acid bacteria (Gram and Huss 1996).  Poor hygienic 
practices also introduce bacteria into fish or fish products, which results in an increase in 
the relative proportion of gram-positive bacteria which are mainly associated with 
humans such as Staphylococci and enteric bacteria (Lu 2004).  
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Most of the volatile compounds that are produced by spoilage bacteria include 
trimethylamine, volatile sulfur compounds, aldehydes, ketones, esters, hypoxanthine, and 
other low molecular-weight compounds (Shewan 1962). The substrates for the 
production of these volatiles are carbohydrates, nucleotides and other non-protein 
nitrogen (NPN) molecules. Fish contain higher concentration of NPN compounds than 
other muscle foods that are readily available for the bacteria to metabolize (Jay 1996). 
Bacteria easily metabolize those NPN compounds, which allow them to increase in 
numbers, and at the same time accumulate the metabolites that lead to the development of 
off-odor, slime and pigments on fish (Gram and Huss 1996). Slime is also the result of 
polysaccharides that are produced by bacteria (Banwart 1983). These polysaccharides 
form an unpleasant slimy layer in and on fish and fish products, which causes them to be 
unpalatable and unacceptable to consumers (Banwart 1983). Most of the bacterial species 
in the genus Pseudomonas produce slime. Ayres (1960) reported that fish did not become 




2.2.2.4 Lipid Oxidation and Hydrolysis in Fish 
Lipid oxidation and hydrolysis in fish lipids are two distinct reactions that 
contribute to quality deterioration in fish and fish products (Huss 1995). These reactions 
can be either non-enzymatic or catalyzed by microbial, intracellular or digestive 
enzymes. Some reactions can result in the production of many unpleasant substances 
such as rancid flavors and odors, and others may contribute to texture changes by binding 
covalently to fish muscle proteins (Huss 1995). The relative significance of these 
reactions mainly depends on fish species and storage temperature.  
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Fatty fish contain a high concentration of unsaturated fatty acids that are 
susceptible to oxidation and can lead to the deterioration of texture and the production of 
undesirable rancid odors and flavor (Braddock and Dugan 1973, Hobbs and Hodgkiss 
1982). Lipids are degraded into fatty acids and glycerol and other compounds by lipases. 
Proteases break down proteins to peptides and amino acids, which are further broken 
down into amines, acids, indole and sulfide compounds and ammonia which may cause 
an oxidative off-odor in fish (Ashie and others 1996). Since fish lipids are more 
unsaturated than other muscle foods, it is more susceptible to oxidation which constitutes 
a problem in fatty fish in frozen storage. However, this is not a significant problem in 
refrigerated storage because refrigerated fish are typically stored for a short period of 
time before they are consumed or spoiled (Lu 2004). Fish with a high concentration of 
lipids and fish exposed to conditions, such as high heat, light or metal ions enhance 
oxidation and protein denaturation (Lu 2004).   
Enzymatic hydrolysis of free fatty acids (FFA) in fatty fish results in a sweaty and 
slightly cheesy off-odor and off-flavor (Howgate 1982). The phenomenon is more intense 
in ungutted fish than gutted fish. This is probably due to the presence of digestive 
enzymes. The enzymes that are responsible for this phenomenon are thought to be 
cellular phospholipases. The fatty acids that are bound to phospholipids at the glycerol-
carbon atom 2 are most often polyunsaturated, and thus hydrolysis also leads to increased 







2.2.3 Factors Affecting Fish Quality and Shelf-life 
Several factors that contribute to quality deterioration and the short shelf-life of 
fish and fish products are associated with fish species and size, their intrinsic properties 
(such as endogenous enzymes, microflora, sensitivity to light and oxygen), storage 
conditions (mainly temperature), cross-contamination during harvesting, slaughter and 
processing, and packaging  (Tozer 2001). 
 
2.2.3.1 Storage Temperature 
Both enzymatic and microbiological activities are greatly influenced by 
temperature. High temperature affects the deterioration and shelf-life of fish and fish 
products by accelerating biochemical reaction rates and bacterial growth rates (Huss 
1995). However, microbiological activity is relatively more important in the temperature 
range from 0 to 25°C, and temperature changes have a greater impact on microbiological 
growth than on enzymatic activity (Huss 1995). Many bacteria are unable to grow at low 
temperatures below 10°C and even psychrotrophic bacteria can grow very slowly, and 
sometimes with extended lag phases when temperatures approach 0°C. Connell (1990) 




C at least doubled the spoilage rate of 
cod and similar species. The microflora responsible for spoilage of fresh fish also 
changes as storage temperature is changed. At chilled storage or low temperatures (0-
5°C), some species such as Shewanella putrefaciens, Photobacterium phosphoreum, 
Aeromonas spp. and Pseudomonas spp. are responsible for spoilage, but at high storage 
temperatures (15-30°C), Vibrionaceae, Enterobacteriaceae and gram-positive organisms 
are responsible for spoilage (Gram and others 1987; Gram and others 1990; Liston 1992). 
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Fish that are caught from cold-water contains more psychrotrophic bacteria than warm-
water fish (Shewan 1977). Thus, cold-water fish have a shorter shelf-life than warm-
water fish when stored at refrigeration temperature because of the pre-adaptation effect of 
bacteria on these fish (Gram and others 1989). 
Rapid chilling is extremely important in order to maintain quality in fatty fish. It 
has been shown that some fatty fish have a significantly reduced storage life if they are 
exposed to sun and wind for 4-6 hours before chilling (Huss 1995). This rapid quality 
loss is due to lipid oxidation, which results in rancid off-flavors. However, high 
temperature is not only the case that is responsible for the speed of the oxidation 
processes. Direct sunlight that is combined with wind is probably more important than 
temperature because it can initiate the autocatalytic oxidation process, which is difficult 
to stop once initiated (Huss 1995).  
However, the shelf life of various fish and shellfish can be extended by storage at 
subzero temperatures between 0°C and -4°C, which is called superchilling, but 
superchilling has been reported to have some negative effects such as drip loss, 
appearance and texture due to formation of large ice crystals, protein denaturation and 
increased enzymatic activity (Love and Elerian 1964). It has been reported  that off-odor 
and off-flavor of fish that is stored below -7
o
C is the result of autolytic catabolism, not 
bacterial degradation (Fletcher and Statham 1988), and a temperature below -10
o
C will 







2.2.3.2 Hygiene During Handling 
Proper hygiene during handling and processing is also important in order to 
ensure good quality and maximize shelf-life. Capturing methods affect the initial quality 
and bacterial load of fish, thus affecting their subsequent quality and shelf-life (Ward and 
Hackney 1991). Ravesi and others (1985) reported that the bacterial numbers of spiny 
dogfish fillets was a function of the levels of handling and processing prior to filleting. 
Most fish contain less than 0.5% carbohydrates in the muscle tissue and only small 
amounts of lactic acid are produced post-mortem, which causes high post mortem pH in 
the fish muscle (pH>6.0). This allows the pH sensitive bacteria, Shewanella putrifaciens, 
to grow (Gram and Huss 1996), but Goodrick (1987) reported that tuna that was captured 
in a highly stressed state will build up lactic acid and result in detrimental sensory 
quality. The extent of struggling of Atlantic cod significantly affected protein and caloric 
levels in muscle, reduced product quality and shortened shelf-life (Botta and others 
1987). In addition, Barile and others (1985) observed that each hour delay in icing or 
exposure to ambient temperature resulted in a one-day reduction of shelf-life in mackerel 
that was stored on ice. These authors also reported that as the time delay on ice is 
increased, the final bacterial count at the sensory rejection point shifted from 
Pseudomonas spp. and Alterromonas putrefacious to Bacillus spp., Aeromonas 
hydrophila, and Pseudomonas spp. Keeping whole fish on ice for a few days prior to 
filleting has also proved to extend the shelf-life of fish fillets (Mayer and others 1986; 
Townley and Lanier 1981). Scott and others (1986) also reported that deheading and 
gutting slightly increased the shelf-life of “round” fish when compared to other types of 
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whole fish, due to reduced autolytic activity, rather than reduced microbial load. The 
benefits of bleeding and gutting on quality depend on fish species, capturing method, 
location of catch and time of year (Ward and Hackney 1991). 
 
2.2.3.3 Packaging Methods 
The shelf-life of most seafood in chilled storage (0-4
o
C) is only a few days. Such 
a short period can lead to economic losses for seafood processors. The shelf-life of food 
can be extended by storage under vacuum packaging (VP) or modified atmosphere 
packaging (MAP) (Huss 1995). VP and MAP with high CO2 levels (25% - 100%) extend 
the shelf life of meat products such as pork, beef and poultry by several weeks or months, 
but the shelf life of fresh fish is not affected by VP and only a small increase in shelf life 
can be obtained by MAP. The main mechanism that operates in packaged fish such as VP 
and MAP is the transition from aerobic psychrotrophic population of bacteria 
(Pseudomonas, Moraxella and Acinetobacter spp.) to one consisting predominately of 
LABs and Bromothrix thermosphacta. The anaerobic environment also encourages the 
growth of C. botulinum if present (Slattery 2010). Loss of water from fish flesh while in 
VP or MAP can also be considerably higher than that of aerobically packaged fish. The 
decrease in immobilized water that occurs with during excessive drip loss can result in 
coarsening of the texture (Slattery 2010). In addition, packaging does not directly inhibit 
proteolytic enzymes in fish that may contribute to weak texture. Spoiled VP and MAP 
cod is characterized by high levels of trimethylamine (TMA) (Huss 1995), but little or no 
development of the putrid or H2S odors are present that are commonly in spoiled fish that 







 CFU/g) have been found at the time of sensory rejection of 
some packed fish products. In these cases, non-microbial reactions may have been 
responsible for spoilage. However, inhibition of typical gram negative psychrotrops by 
CO2 coupled with growth enhancement of lactic acid bacteria have been found to aid in 
extending product shelf-life (Silva and others 1993). In addition, the use of MAP storage 
has had the most positive impact on shelf-life in fish from warm waters, but the shelf-life 
of these products is still relatively short when compared to beef, pork, and poultry (Huss 
1995).  
 
2.2.4 Shelf-life of Fish and Fish Products 
Based on the quality level, shelf-life is divided into high quality shelf-life (HQSL) 
and minimum acceptable quality shelf-life (MAQS). HQSL can be regarded as the point 
at which a food product retains all its characteristic properties, whereas MAQS is the 
point at which a food product is considered to have become inedible (Graham and others 
1992; Lu 2004). In addition, Potter and Hotchkiss (1998) defined the shelf-life of a food 
product is defined as the time it takes a food product to decline to an unacceptable level. 
Shelf-life is also defined as a time point when or when the quality of a food product 
deteriorates during storage in the form of decreased nutritional values, color changes, off-
flavor developments and textural changes. In many cases, the shelf-life of fish is reported 
as the time that the product is salable. The International Commission on the 
Microbiological Specification of Foods (ICMSF) recommended that aerobic plate counts 
should not exceed 10
7
 CFU/g for a fish product to be acceptable (ICMSF 1972). 
 
 21 
However, Silva and others (1993) stated that fish spoilage occurs at 8 log CFU/g when 
lactic acid bacteria (LAB) are the predominant microflora in the product. 
The shelf-life of raw, refrigerated channel catfish (Ictalurus punctatus) fillets 
ranges from 4-14 days (Garcia 1999). Beuchat (1973) reported that refrigerated catfish 
fillets (4
o
C) had a shelf-life of approximately 7 days. Gawborisut (2005) stated that shelf-
life of iced catfish fillets ranged between 8-10 days. The shelf-life of catfish fillets that 
were stored in crushed ice has been reported as 5-12 days (Heaton and others 1972; 
Reddy and others 1997). Silva and others (1993) reported that the shelf-life of catfish 




C were 8 and 4 days, respectively. Using a chill-
pack at -2.2
o
C, the shelf-life of catfish fillets was 19 days when compared to 5 days under 
air at 3.3
o
C (Reed and others 1983). Suvanich and Marshall (1998) studied the shelf-life 






C and concluded that the shelf-life of catfish 
frames was 3.5 days by APC and 4 days by sensory evaluation at 5
o
C, 10.3 hours by APC 
and 6 hours by sensory evaluation at 25
o
C, and 8 days by APC and sensory evaluation at 
0
o
C. Marroquin and others (2004) evaluated processing methods and their effects on the 
shelf-life and quality of catfish fillets that were stored at 2
o
C. The authors reported that 
mechanically filleted and chilled (0
o
C) fillets had a shelf-life of 9 days as compared to 6 
days for similar fillets that were held at 18
o
C for 1 hour prior to chilling. Mechanically 
filleted samples had lower initial microbial counts, and thus a longer shelf-life than hand 
filleted samples. Silva and White (1994) reported that channel catfish fillets that were 
kept in 80% CO2 (20% atmospheric air) modified atmosphere package and sorted at 2
o
C 
extended shelf-life up to 28 days. 
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2.2.5 Assessment of Fish Quality and Shelf-life 
Fish quality and shelf-life can be evaluated by four different methods: (i) sensory 
analysis which includes appearance, odor, flavor and texture criteria; (ii) biochemical and 
chemical methods which include amines (total volatile basic amines), ammonia, 
trimethylamine (TMA), dimethylamine (DMA), biogenic amines, nucleotide catabolites, 
ethanol, lipid hydrolysis and oxidation; (iii) microbiological methods including total 
counts, spoilage bacteria, spoilage reaction, and identification of pathogenic bacteria by 
immunology or molecular biology; (iv) physical methods that include electrical 
properties, pH and reduction potential (Eh), and instrumental texture evaluation 
(Delbarre-Ladrat and others 2006). Since the consumer is the ultimate judge of quality, 
most chemical or instrumental methods must be correlated with sensory evaluation prior 
to use in the laboratory (Huss 1995). However, sensory methods must be performed 
scientifically under carefully controlled conditions so that the effects of test environment, 
personal bias, etc., are minimized. 
 
2.3 Phosphates 
Phosphate is a natural constituent of almost every type of food that we eat. It is 
impossible to eat any food derived from a once-living organism without consuming some 
phosphate (Ellinger 1972). In the phosphate industry, phosphates are refined from 
calcium phosphates, a naturally occurring substance that can be mined. Simple 
phosphates (orthophosphates) consist of a phosphorous atom that is tetrahedrally 
surrounded by four oxygen atoms and valences that can be filled by metal ions, hydrogen 
or a combination of ions and hydrogen (Lampila 1992). When simple phosphates are 
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heated under controlled pH, the monophosphates are condensed to form diphosphates 
which are also called pyrophosphates (Teicher 1990). As the temperature increases and 
the conditions are controlled, polymerization occurs, which yields tripolyphosphates. 
Phosphates are typically manufactured by three primary drying methods: drum drying, 
spray drying and agglomeration. Of these three methods, agglomerated phosphate 
products generally have the greatest solubility in brine solutions and the most functional 
improvements in meat products (Brouilette 2007). 
 
2.3.1 Phosphates Approved for Food Use 
In 1982, the United States Department of Agriculture (USDA) approved the use 
of selected potassium phosphates and an expanded use of all approved phosphates in a 
wider range of poultry and red meat products (Knipe 2004).  There are twelve different 
phosphates which have been approved for uses in meat and meat products, and each one 
differs in its functional properties. The nomenclature applied to phosphates can be quite 
confusing since a particular phosphate may be described by several different names. The 
approved phosphates with their chemical formulas, common name and name considered 
most correct are shown in Table 2.1 (Ellinger 1972; Knipe 2004). Phosphates that are 
commonly used in meat and poultry include sodium tripolyphosphate (STP), tetrasodium 
pyrophosphate (TSPP), tetrapotassium pyrophosphate (TPPP), and sodium 
hexametaphosphate (SMHP) (Zheng and others 2001). Since STP is easy to use and is 
relatively inexpensive, it remains the most commonly utilized phosphate in brine 
solutions to increase WHC and cook yield, extract muscle proteins, reduce oxidative 
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rancidity, preserve meat color, increase flavor retention, and reduce microbial growth 
(Alvarado and McKee 2007).  
Phosphates vary in cost. Their price varies from one supplier to another and will 
increase as the cost of energy that is used in manufacturing increases (Knipe 2004). 
Because of their chemical properties and their reactions with various constituents of a 
food system, it is not uncommon to blend different phosphates in order to improve 
functional properties (Brouillette 2007; Kim 2009). However, blending of phosphates by 
suppliers will further increase the price. Therefore, food processors need to compare the 
cost versus benefits of all phosphates used to determine the most cost effective ingredient 
for their product application (Knipe 2004). 
 






























































































: Common name for commercial product in the United States 
2
: Name considered most correct 
 
 25 






2.3.2 Phosphate Functionality in Muscle Foods 
Food-grade phosphates are generally divided into two classes: monophosphates 
containing a single phosphate anion atom and polyphosphates containing two or more 
phosphate anion atoms (Goncalves and Ribeiro 2008). Figure 2.1 indicates that 
monophosphates provide buffering capacity, diphosphates enhance water-binding 
capacity, and polyphosphates bind calcium and can be converted to the diphosphate form 
(Goncalves and Ribeiro 2008). Polyphosphates are effective at isolating and chelating 
metallic cations in order to help inhibit the development of oxidative process and 




 cations is also thought to 
improve WHC. The most functional phosphate is pyrophosphate; however, the solubility 
index is low but can be increased by using a combination of hexametaphosphates and 














According to Detienne and Wicker (1999), polyphosphates play an important role 
in meat tissue by increasing pH, increasing ionic strength, chelating metallic ions and 
dissociating the actomyosin complex. Kim and others (2009) stated that phosphates have 
the ability to modify functional properties such as water-holding capacity, chelating 
ability of metal ions, emulsifying capacity, antimicrobial activity, freeze-thaw drip and 
cooking stability, and pH-buffering capacity of food products (Table 2.2). For these 
reasons, it is generally recognized that the addition of phosphates to meat tissue causes 
increased yields due to reducing purge loss and cooking loss; improves meat color, and 
enhances juiciness and tenderness. 
 
Table 2.2  Properties affected by phosphates in meat systems 
 
Properties Mechanism 
Antioxidant Tying up metal ions to inhibit in the oxidation reaction 
Texture Contributes to improved tenderness 
Protein Extraction 
Improves salt soluble protein extraction by adding ionic strength and 
helps to relax and open up muscle protein structures to accept more 
water 
pH 
Alkaline phosphate products increase pH and improve water-holding 
capacity. Many of these phosphates have pH ranges from 7.5 to 12.0 in 
1% solutions and increase pH values of the muscle food system 
Buffering capacity 
Phosphates (especially monophosphates) add buffering capacity and 
therefore help the system resist changes when acids (or bases) are added 
to the system  
Oxidation prevention 
Tying up metal ions in hard water protects fats from oxidation under 
storage conditions in which muscle foods are not exposed to air 
 
 
When phosphates are used to increase water-holding capacity in meat, the USDA 
requires that the maximum allowable concentration of phosphate is 0.5% of the finished 
product weight (FDA 2007, 9CFR424.21). Alkaline phosphates are most commonly used 
in marinade solutions to improve yields. Alvarado and McKee (2007) stated that alkaline 
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phosphates function in the diphosphate form and improve tenderness and water holding 
capacity through two mechanisms. Diphosphates unfold the myofibrillar protein structure 
through increasing the ionic strength, which leads to an increased number of available 
binding sites for water. Unfolding of the protein structure also improves tenderness 
through disrupting and swelling of the protein structure. In addition, phosphates break 
down actomyosin bonds in post-rigor meat which increases the potential for swelling of 
the filaments. The second mechanism is as follows: alkaline phosphates increase the pH 
of the meat. This provides a greater number of differences between negative and positive 
charges on the myofibrillat proteins, which also leads to an increased number of sites to 
bind water and increased space to trap water between proteins. TSPP produces good 
binding ability because of its high pH (approximately 11), whereas sodium acid 
pyrophosphate (SAPP) decreases pH, and as a result, decreases WHC and yield 
(Alvarado and McKee 2007). Research reports also have indicated that trisodium 
monophosphate (TSMP) and TSPP were more effective at stabilizing fresh meat color 
than STP and SHMP.  
Commercial phosphates are available in various forms. A phosphate blend 
generally provides better functionality than a single phosphate type since different 
phosphates are optimum for water binding, calcium binding and buffer capacity. 
Agglomerated phosphates are more functional and have better solubility than drum-dried 
or spray-dried phosphates. Agglomerated phosphates are the most expensive phosphates, 
but these phosphates may be able to increase marinade pick-up, improve cold water 
solubility, increase salt tolerance, and improve yields and performance in hard water 
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systems (Brouilette 2007). Agglomerated blends of phosphates also possess desirable 
properties such as alkaline pH, calcium compatibility, the ability to hydrolyze into the 
diphosphate form, the solubilization of myofibrillar proteins, and the exposure of charged 
binding sites, which increases water binding capacity (Molins 1991; Alvarado and 
McKee 2007). It has been reported that a high pH agglomerated phosphate blend 
maximized pick-up in injection systems since water-holding capacity is predominantly 
dependent on pH and ionic strength (Kin and others 2010). Phosphates assist in buffering 
the pH of muscle tissue (so it is more neutral) to allow for muscle fiber expansion during 
the marination processes which enhance yields and the retention of liquids and flavoring 
ingredients. An agglomerated phosphate blend with lower concentrations of sodium 
diphosphate and tripolyphosphate often minimizes protein exudates, which optimizes 
appearance and maximizes yields in tumbling systems (Kin and others 2009). 
Although phosphates possess functional properties in muscle meat systems, an 
appropriate treatment should be chosen carefully according to species, product type, 
consumer expectations, and international legislations (Goncalves and Ribeiro 2008). In 
addition, phosphates can not be used to improve the quality of products that do not have 
functional proteins or products that have been inadequately handled or processed. 
Moreover, excess phosphate addition can cause “soapy” flavors, rubbery texture, and 
poor color (Alvarado and McKee 2007). 
 
2.3.3 Applications of Phosphates in Fish and Seafood 
The proteins in fish and other seafood muscles undergo postmortem biochemical 
processes that are similar to those experienced by the proteins of mammals and poultry. 
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Therefore, it is not surprising that polyphosphates have similar effects when they are used 
to treat fish fillets, poultry meat or red meat (Ellinger 1972). In seafood products, 
phosphates have many functional uses including increasing moisture retention, increasing 
binding, increasing tenderness, improving flavor, color preservation, preventing 
microbiological spoilage and preventing struvite crystals (Ellinger 1972; Lampila 1992; 
Goncalves and Ribeiro 2008).  
 
2.3.3.1 Increasing Moisture Retention 
The water-holding capacity (WHC) of fish muscle is important to the organoleptic 
acceptability of the product. The loss of liquid from cut surfaces of fish muscle such as 
fish fillets and steaks during thawing and cooking is thought to be directly related to 
product toughness (Ellinger 1972). In addition, Goncalves and Ribeiro (2008) stated that 
WHC involves the interaction between the protein and water molecules, and is closely 
linked to other functional properties such as color, texture, firmness, softness and 
juiciness. 
 
2.3.3.2 Increasing Binding 
It is necessary for the fish flesh to bind properly to prepare the most desirable 
types of fish paste, fish sausage and fish hams. Polyphosphates have been found to 
increase protein binding in these products (Ellinger 1972). Sodium pyrophosphate and 
sodium tripolyphosphate (0.1-0.3%) are highly effective at improving binding properties 
in fish sausage (Okamura and others 1959). Disodium orthophosphate and sodium 
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hexametaphosphate were somewhat less effective, and trisodium orthophosphate did not 
affect the binding properties of fish meat. 
 
2.3.3.3 Increasing Tenderness 
The addition of polyphosphates to seafood products increases tenderness. Garnatz 
and others (1949) reported that cooked and frozen shrimp was more tender when 
enhanced with phosphates and salt. A reviewed by Ellinger (1972) stated that use of 
sodium hexametaphosphate in curing salts also enhances the tenderness and texture of 
dried-salt cured fish. In addition, including sodium tripolyphosphate in dips for cod fillets 
improves texture and increases tenderness (Chalker and others 1965). 
 
2.3.3.4 Preventing Microbiological Spoilage 
The microbiological deterioration of seafood products may also be inhibited 
through the use of various phosphates. A review by Ellinger (1972) stated that condensed 
phosphates inhibited the growth of Staphylococcus aureus and Bacillus subtilis in broth 
medium and also prevented their growth on fish. Sodium hexametaphosphate was the 
most effective, followed by sodium tripolyphosphate and sodium pyrophosphate. 
  
2.3.3.5 Preventing Struvite Crystals 
Canned, cooked seafood products such as lobsters, shrimp, crab meat, haddock, 
cod and salmon may develop transparent crystals of magnesium ammonium phosphate 
(struvite) during storage (Ellinger 1972). The crystals are harmless, but because they 
appear to be sharp pieces of glass, the product is often rejected. A review by Ellinger 
(1972) stated that the addition of sodium hexametaphosphate to the liquid in canned 
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products was the most practical method for preventing the formation of struvite crystals 
in canned seafood products such as lobsters, shrimp, crab, and flaked fish (pollock, cod, 
and haddock).  
 
2.4 Sodium Chloride (NaCl) 
Salt is used in muscle food products to (i) increase product flavor, (ii) increasing 
moisture retention, (iii) provide a synergistic effect with phosphate to extract salt-soluble 
proteins and improve WHC, (iv) inhibit the outgrowth of Clostridium botulinum via the 
synergistic role of salt with sodium nitrite for curing meat products, and (v) dehydrate 
and preserve dry-cured meats (Alvarado and others 2007). In addition, salt has an ability 
to inhibit putrefaction and the growth of pathogenic microorganisms (Garner 2002).  
 
2.4.1 Salt Functionality in Muscle Foods 
Salt functions by opening the protein matrix. This causes an increase in the 
number of side chains that are available to bind to water, thus increasing WHC (Deal 
2008). The exposure of the protein matrix occurs due to increasing pH and ionic strength 
(Alvarado and Sams 2004). A greater amount of water can be retained by proteins if 
chloride ions are bound to proteins at pH’s above the isoelectric point, which increases 
the overall negative charge (Deal 2008). Sodium chloride also functions by unfolding 
myofibrillar proteins and extracting them to the surface of the meat tissue (Rust 1987). In 
addition to exposing more charged sites where water can be bound, the electrostatic 
repulsion increases the space between the thin and thick filaments. Increasing the size of 
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the space between filaments increases the amount of water that can be retained by the 
muscle (Rust 1987). 
When salt is present in a sufficient concentration, it slows down or prevents 
bacterial spoilage of fish. For this reason, salt has been used to preserve fish at ambient 
temperatures. Salt, in higher concentrations may also be lethal to some bacteria and 
yeasts (Kim 1999). The mechanism by which salt inhibits microorganisms is primarily 
due to its plasmolytic effect. Aside from the osmotic influence on growth, other possible 
mechanisms include the limitation of oxygen solubility, alteration of pH, lowering water 
activity, toxicity of sodium and chloride ions and the loss of magnesium ions (Banwart 
1983). However, microorganisms vary in their tolerance to salt. Relatively low 
concentrations of sodium chloride stimulate microbial growth whereas high 
concentrations inhibit growth (Banwart 1983). The mesophillic and psychrotrophic gram-
negative rods may tolerate from 6-10% of salt while lactic acid bacteria may withstand 6-
15% of salt. Spore-forming bacteria may grow at levels as high as 16% of salt (Davidson 
and others 1983). In addition, food-born pathogen bacteria are inhibited by a water 
activity of 0.92 or less, but Staphylococcus aureus has a minimum water activity for 
growth of 0.83-0.86. 
 
2.4.2 Synergistic Effects of Salt and Phosphates 
Salt and phosphate function synergistically in marinades to maximize yields, 
juiciness and tenderness in a muscle food system. Phosphate addition results in increased 
negative charges on muscle fibers, and increases the pH, while salt unfolds and extracts 
proteins to improve tenderness and water binding. Using these two ingredients together 
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far exceeds the functionality of each individual component. However, Goncalves and 
Ribeiro (2008) reported that high levels of salt increase the osmotic pressure of the 
solution, thus decreasing the amount of water that is absorbed. It has been reported that 
phosphates do not increase functional properties when the concentration of sodium 
chloride is greater than 2.0%. However, when used in conjunction with 1-2% salt, the 
ionic strength can be optimized (Deal 2008). 
In fish processing, high concentrations of salt in water (in a brine solution) 
prevents the soubilization of phosphates in the brine (Goncalves and Ribeiro 2008). 
Therefore, phosphates are typically dissolved in room-temperature water prior adding. 
However, blends of phosphates such as agglomerated phosphate blends have increased 
solubility regardless of the addition of salt due to modifications that make them more 
soluble (Alvarado and McKee 2007).  
 
2.5 Methods for Applying Phosphates into Fish and Seafood 
Phosphates are generally applied into meat, poultry and seafood through 
immersion, injection, tumbling or injecting followed by tumbling (Lampila 1992). If the 
product is bone-in, injection should be used. If the product is boneless, injection, 
tumbling or a combination of injection and then tumbling can be used. In general, 
injection is used for larger pieces of meat, and tumbling is used for smaller pieces. Other 
incorporating methods such as ice making (3%), spraying (5-10%), and glazing (5%) 
have also been used in seafood industry (Goncalves and Ribeiro 2008). The dry addition 





Immersion, which is the oldest marination method reported in literature, consists 
of dipping the meat in the phosphate solution and allowing the phosphate ions to 
penetrate the meat through diffusion over time (Alvarado and McKee 2007).  Immersion 
should be conducted with light agitation so that the whole surface is in contact with the 
solution (Goncalves and Ribeiro 2008). In this system, the phosphates are applied in 
solutions from 2-10% for 2-20 min which results in approximately 0.5% of residual 
phosphate in the final product. However, the exact concentrations and the time of 
treatment depend mainly on the type of product. A 6-12% solution yields 0.35-0.5% 
phosphate retention in fish fillets, shellfish and poultry (Garcia 1999). However, this 
method is less effective than injection or tumbling (Lampila 1992). Since it does not 
provide a uniform distribution of the marinade ingredients, immersion requires long 
processing times and limits the quantity of marinade that can be added (Alvarado and 
McKee 2007). In addition, if phosphates are used in immersions, solubilization occurs on 
the surface of the tissue.  
 
2.5.2 Injection 
Brine solutions with phosphate are introduced into meat, poultry and seafood, 
with multi-needles that are inserted into the meat. The solution is injected through 
pressure as the multi-needles are withdrawn, thus spreading the solution throughout the 
meat (Alvarado and McKee 2007).  Injection is commonly used because the solution can 
be placed directly into the meat. Multi-needle injection allows for dosing an exact 
quantity of the solution, which ensures consistency in the products without the time 
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losses that are required for immersion (Alvarado and McKee 2007). Meat marination by 
injection is beneficial due to its consistency in marinade application on large and 
complex products, and the reduction of labor and speed of marination, since multi-needle 
injection is a continuous process. 
 
2.5.3 Tumbling 
When vacuum tumbling is used, it is important to optimize tumbling speed, the 
amount of meat that is placed in the tumbler (about half-full) and the vacuum setting 
(Schilling 2010). The tumbler should be filled so that it optimizes mechanical action and 
allows the meat tissue to absorb the marinade. Tumbling promotes rapid and consistent 
pickup at controlled temperatures, the ability to marinate large quantities, and the 
capability to handle many different products and sizes. Because the steps may be used 
independently or in combination, it is important to understand the impact of the 
individual steps on product tenderness, as well as the combined steps to determine the 
optimum combination to maximize meat tenderness (Bauermeister and McKee 2005). 
Goncalves and Ribeiro (2008) stated that the most efficient way to incorporate 
phosphates into meat, poultry and seafood is through vacuum tumbling, but that tumbling 
in excess can cause the extraction of proteins. In tumbling operations, marinade pick-up 
is due more to phosphate solubility and inclusion of various chain-lengths than ionic 
strength and pH, and an agglomerated phosphate blend can be used to help maximize 
product yield, improve juiciness and allow for better slicibility. Vacuum tumbling also 
results in the extraction of protein exudate, which promotes cohesion during thermal 
processing (Alvarado and McKee 2007). Studies reported that extraction of the 
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myofibrillar proteins to the meat surface has two functions in processed meat products. 
Protein coagulates upon heating to improve protein binding. In addition, the extracted 
protein works as a sealer to facilitate the retention of moisture that is in the meat tissue 
during thermal processing (Alvarado and McKee 2007).  
 
2.6 Antimicrobials 
Antimicrobials such as organic acids and their conjugate bases have been used by 
the food industry to provide one or more of the following properties: (i) antimicrobial, (ii) 
synergism with other antimicrobials and/or antioxidants, (iii) reduction of water activity, 
(iv) acidification, and (v) pH regulation (de Silva 2002). Some antimicrobials have been 
successfully applied in the product formulations as direct food additives. These 
applications include the reduction or elimination of pathogens or spoilage organisms. 
Other antimicrobials have been used as processing aids or secondary food additives 
during the food production process (Crozier-Dodson and others 2005).  
 
2.6.1 Organic Acids 
Organic acids such as lactic acid, acetic acid and citric acid are effective at 
reducing both spoilage and pathogenic microorganisms in poultry and meat processing. 
Organic acids are easily applied by wash, spray, or dip to decontaminate surfaces of fresh 
meats during processing (Jamilah and others 2008). Currently, organic acids can be used 
at <2.5% of solution for pre-chilled carcass washing. Lactic acid can also be used at 5% 
of solution (55
o
C) as a pre- and post-chill wash for beef carcasses. If no residual technical 
effects are present, organic acids may be used continuously on conveyor belts as organic 
 
 37 
acid rinses with no additional labeling as long as there are no effects on the product 
(Crozier-Dodson and others 2005).  
Organic acids work well at inhibiting bacteria due to their ability to penetrate and 
disrupt the cell membrane, and to acidify the cell contents (Keener and others 2004). 
Carpenter and Broadbent (2009) explained that the inhibitory effects of weak acids 
cannot only be attributed to the effects that they have on pH, but also their effect on 
membrane function. The high level of weak acid anions that accumulate in the cytoplasm 
is a primary contributor to the inhibition of bacterial growth through osmotic effects on 
the cell and on metabolic processes that occur within the cytoplasm. However, the 
effectiveness of the organic acids is dependent on type of acid, its concentration, pH, 
molarity and the concentration of the non-dissociated form (Doores 2005; Jamilah and 
others 2008).  
Citric acid has been investigated for its effect on inhibition of bacteria, yeast, and 
molds. On equal molar basis, citric acid has been shown to be more inhibitory against L. 




C (Sorrells and 
others 1989). Citric acid has shown both bactericidal and antistatic effects against L. 
monocytogenes, but its antibacterial activity depends on pH, concentration and anion 
effects (Jamilah and others 2008). The minimum inhibitory pH level was 4.4 for citric 
acid, 4.4-4.6 for lactic acid and 4.8-5.0 of acetic acid (Doores 2005).  
The inhibitory capacity of lactic acid is due to the reduction of pH to levels below 
the point that bacteria cannot initiate growth (Jamilah and others 2008). Gill and Newton 
(1982) suggested that the inhibitory effect for psychrotrophic microorganisms was 
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closely related to a decrease in pH rather than a degree of dissociation. Psychrotrophic 
gram-negative bacteria were the most sensitive to lactic acids (Doores 2005). In addition, 
lactic acid was one of the most effective organic acids against the growth of Yersinia 
enterocolitica with respect to molar concentration, pH, and activity of the undissociated 
acid (Brackett 1987). 
The antimicrobial activity of acetic acid is due to its ability to lower pH and cause 
instability in bacterial cell membranes (Jamilah and others 2008). Woolford (1975) 
concluded that at pH 6, Bacillus, Clostridium, and gram negative bacteria were inhibited 
more by acetic acid than lactic acid bacteria, yeast, molds, and other gram positive 
bacteria. When the pH was reduced to 5, gram positive bacteria were more inhibited than 
lactic acid bacteria, yeast, and molds, but as the pH decreased to 4.0, all of the groups 
were similarly affected. It was also suggested that acetic acid inhibited gram-positive 
organisms (Owen 1946). S. aureus was the most sensitive to acetic acid, followed by 
citric and lactic acids (Nunheimer and Fabian 1940). Acetic acid displayed the greatest 
antimicrobial action against L. monocytogenes when compared to citric and lactic acids at 
equal pH values and at multiple incubation times and temperatures (Sorrells and others 
1989).  
Currently, organic acids have been investigated for their effects on quality and 
shelf-life of fish and seafood products. Ingham (1989) studied the effects of lactic acid 
dipping on the inhibition of microbial spoilage of refrigerated catfish fillet pieces and 
found that 2.55% lactic acid-dipped samples had significantly lower APC than 1.70% 
lactic acid-dipped samples. In addition, 1.70% and 2.55% lactic acid-dipped pieces were 
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not significantly different from the control with respect to whiteness of flesh, tartness, 
and overall flavor acceptability. The author concluded that acid dipping of catfish could 
be useful for extending the shelf-life of unfrozen catfish fillets that were stored under 
refrigeration temperatures. Bal’a and Marshall (1998) reported that catfish fillets dipped 
in 2% citric acid, acetic acid or lactic acid also reduced surface pH, L. monocytogenes 
counts, coliform counts and aerobic microbial load, while untreated controls had a 
distinct foul odor and microbial loads in excess of 10
6
 CFU/g after 8 days of storage. 
Hunter color analysis also revealed that organic acid-dipped fillets were lighter and more 
yellow than untreated control fillets. The authors concluded that the shelf-life of 
refrigerated catfish fillets increased when the fillets were dipped in organic acid. It has 
also been found that spray washing of catfish fillets with acetic and lactic acids inhibited 
microbial growth on the fillets (Fernandes and others 1998). Masniyom and Benjama 
(2007) investigated the effect of lactic, acetic and citric acids on the quality changes and 
shelf-life extension of green mussel that was stored at 4
o
C. These authors reported that 
the inhibitory effect on bacterial growth was pronounced when the concentration of 
lactic, acetic and citric acids increased, and that green mussel dipped with lactic acids had 
lower total volatile base, TMA, and ammonia contents than those dipped in acetic and 
citric acids. However, samples dipped in organic acids increased exudate and cooking 
loss and TBA increased as the organic acid concentration increased.  
 
2.6.2 Organic Acid Salts 
Salts of organic acids such as lactic, acetic and citric acid are also becoming more 
popular as antimicrobial agents. Previous studies indicated that these organic acid salts 
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have the ability to control microbial growth, improve sensory attributes, and extend the 
shelf-life of various food products such as beef, pork, poultry and fish meat (Mendonca 
and others 1989; Zhuang and others 1996; Sallam 2007; Kilinc and others 2009). The 
salts of these organic acids are included in product formulations to prevent outgrowth of 
spoilage bacteria and pathogens in a variety of ready-to-eat (RTE) foods. Organic acid 
salts that have been utilized for their antimicrobial properties include sodium lactate, 
potassium lactate, sodium citrate, sodium lactate combined with sodium diacetate, and 
combinations of sodium lactate with potassium lactate and diacetate (Alvarado and 
McKee 2007). After a L. monocytogenes outbreak involving meat products in 1998-1999, 
the USDA-FSIS announced increases in the permissible levels in meat products for 
sodium lactate, sodium acetate, and sodium diacetate to 3, 0.25, and 0.25% of the 
finished product weight, respectively (Samelis and others 2002). It has been reported that 
sodium lactate at 3% and sodium acetate at 0.25% were the most and least effective 
additives, respectively, whereas sodium diacetate at 0.25% was intermediate in anti-L. 
monocytogenes effectiveness (Alvarado and McKee 2007). 
Organic acid salts function in a similar way to their own organic acids. One model 
suggests that the perturbation of membrane function may be the primary cause of growth 
inhibition by weak acid salts (Ricke 2003; Hirshfield and others 2003) while other 
models suggest that growth inhibition might result from the accumulation of inhibitory 
levels of the weak acid anion within the cytoplasm of the cell (Roe and others 2002; 
Hirshfield and others 2003). It has also been demonstrated that a large pH difference 
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between the intracellular and extracellular environment of bacteria cells leads to greater 
inhibition by weak acid anions such as lactates (Pieterse and others 2005).  
Lactates have been shown to control the growth of aerobic and anaerobic 
microorganisms in fresh and processed meat products. In addition, lactates have been 
shown to provide some protection against the growth of food-borne pathogens, such as 
Salmonella, Listeria, E. coli O157:H7 and Clostridium. However, use of lactates does not 
reduce the initial numbers of these pathogents (Shelef 1994; de Silva 2002). The 
antimicrobial effect of lactates may be due to the specific ability of sodium lactate to 
lower the water activity (Chirife and Fontan 1980) and the ability of weak lipophilic acids 
to pass across the cell membrane in their undissoicated form, dissociate within the cell 
and acidify the cell interior (De Wit and Rombouts 1990; Shelef 1994). A sufficient 
extracellular anion concentration is necessary to maximize antimicrobial effectiveness 
since the presence of extracellular anions leads to the accumulation of intracellular anions 
(Romick and Fleming 1998). The addition of lactates to food products that have a neutral 
pH have a good potential to prolong shelf-life prolongation since lactates provide a 
bacteriostatic effect through lengthening by increasing the lag or dormant phase of 
microorganisms (Houtsma and others 1993). The minimum inhibition concentration 
(MIC) of lactates was investigated under optimum growth conditions (pH 6.5, 20
o
C) for a 
number of bacteria and yeasts that were isolated from spoiled and unspoiled meat 
products (Houtsma and others 1993). The authors reported that MIC values for 
salmonella species were in a range of 714-982 mM and in the range of 804-992 mM for 
Listeria. Gram-negative bacteria such as Pseudomonas and Yersinia had a comparable 
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range to salmonella, although campylobacter was particularly sensitive to lactate with an 
MIC of 179 mM (Houtsma and others 1993). The MIC values for gram-positive bacteria 
such as lactic acid bacteria, carnobacterium, Lactococcus, Brocothrix, Bacillus, and 
Staphylococus were in a broader range from 268 mM for S. aureus and Lactobacillus 
coryniformis to 804 mM for Brochothrix (Houtsma and others 1993). Yeasts were very 
broad in their sensitivity to lactate with Debaryomyces and Candida being the most 
resistant at 1161 and 1339 mM, respectively. This may explain their prevalence in 
spoiled meat products (Doores 2005). The effect of sodium lactate on toxin production, 
spore germination and heat resistance was dependent upon its concentration, temperature 
and time (Houtsma and others 1994).  
Sodium acetate is sometimes used in food and would be expected to have the 
same antimicrobial properties as acetic acid at the same pH values (Hoffman and others 
1939). However, sodium diacetate has commonly used and is more effective than acetic 
acid against bacteria. The inhibitory effect of sodium diacetate has been attributed to the 
diacetate moiety rather than pH alone (Doores 2005). In addition to L. monocytogenes, 
sodium diacetate was also effective against hemorrhagic E. coli, Pseudomonas fragi, Y. 
enterocolitica, Enterococcus faecalis, Latobacillus fermentans, and S. aureus (Doores 
2005). Sodium diacetate at concentrations of 0.1% to 0.3% and sodium lactate at 
concentrations of 2% to 3% were equally effective as antilisterial compounds in meat 
with minimal effect on pH and sensory characteristics (Mbandi and Shelef 2001).  
However, more attention has been focused on the combined application of lactate 
and diacetate due to their synergistic inhibitory effect against the growth of pathogenic 
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organisms in meat products (Zhu and others 2005). It has been reported that the 
combination of 0.2% sodium diacetate and 2.5% sodium lactate was bacteriostatic to L. 
monocytogenes and bactericidal to S. Enteritidis (Doores 2005). It has been reported that 
sodium lactate and diacetate inhibited bacterial growth by extending the lag phase. In 
addition, anaerobic conditions may enhance the antimicrobial effect of lactate and acetate 
salts when compared to incubation under aerobic conditions (Drosinos and others 2009).  
Previous studies have reported that the shelf-life of sliced salmon was dipped in a 
2.5% aqueous solution that was a mixture of sodium acetate, sodium lactate and sodium 
citrate was extended by 4-7 days when compared to the control. Therefore, sodium 
acetate, sodium lactate, and sodium citrate can be utilized as safe antimicrobials for fish 
that are stored under refrigeration conditions (Sallam 2007). The author also concluded 
that the general order of antibacterial activity of these organic acid salts was: sodium 
acetate>sodium lactate>sodium citrate, and the antioxidant activity was: sodium 
citrate>sodium acetate>sodium lactate. Williams and others (1995) studied the 
effectiveness of sodium lactate at maintaining the stability of fresh catfish fillets during 
storage under simulated retail conditions, and found that shelf-life of fillets treated with 
2% sodium lactate was extended by 4-7 days. In addition, APC and TBA values were 
lower for the fillets treated with 2% sodium lactate when compared to the controls. 
Zhuang and others (1996) concluded that catfish fillets that were treated with 2% sodium 
acetate had the potential to extend the shelf-life of refrigerated catfish fillets by 3 days 
while 2% sodium lactate had minimal effect on microbial growth when compared to 
untreated catfish fillets. In addition, Kim and Hearnsberger (1994) reported that acetates 
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inhibited the growth of gram-negative bacteria on catfish fillets at 4
o
C. Sodium lactate 
has also been reported to retard microbial growth and stabilize color and odor 
characteristics in skinned catfish fillets (Williams and Rodrick 1992). de Silva (2002) 
reported that the inclusion of 2.5, 2.0 and 1.5% of sodium lactate was needed to fully stop 
the growth of L. monocytogenes, Salmonella and E. coli, respectively.  
 
2.7 Smoked Fish Processing 
Smoking is one of the oldest methods of preserving fish. Smoking not only 
preserves fish from spoilage bacteria, but also imparts characteristic flavor, aroma and 
color to fish (Bligh and others 1988). Smoking increases the shelf life of fish due to the 
combined effects of dehydration and antimicrobial and antioxidant properties of several 
compounds that are present in smoke (Yanar 2007). There are over 400 chemical volatile 
compounds that have been identified in wood smoke or smoke flavor (Maga 1988). These 
compounds consist of 48 acids, 22 alcohols, 131 carbonyls, 22 esters, 46 furans, 16 
lactones, 75 phenols and 50 miscellaneous compounds. However, the main constituents 
of smoke include phenolic compounds, carbonyls and organic acids (Kramer and Brown 
2008). The presence of these compounds, the heat degradation of proteins and lipids due 
to enzymatic activity, and the decreased water activity inactivate autolytic enzymes and 
slow the growth of spoilage bacteria (Lyhs 2002).  
Smoked fish contains approximately 65-78% water, 2-8% water-phase salt, and 2-
15 ppm phenol, with pHs of 5.9-6.3 and Aws of 0.95-0.98 (Hwang and others 2009). 
Normally, smoked fish are stored under refrigeration conditions to prolong storage 
stability. The shelf-life of smoked fish depends on many factors, such as fish species, 
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initial quality, salt concentration, temperature during smoking, contents of smoke 
compounds, and storage temperature (Benjakul and Aroonrueng 1999). Al-Shuwaish 
(2000) reported that brining and hot-smoking channel catfish improved flavor and 
extended shelf-life to several weeks at refrigeration temperatures as compared to 10-13 
days for non-smoked fish. Yanar (2007) studied the quality changes of hot smoked 
catfish (Clarias Gariepinus) during refrigerated storage and reported that total viable 
count, total volatile basic nitrogen, peroxide values and thiobarbituric acid (TBA) values 
increased, while sensory quality scores decreased during storage. It was determined that 
hot smoked catfish was unacceptable for human consumption after 24 days of storage due 
to microbiological and sensory spoilage. Sigurgisladottir and others (2000) studied the 
effects of different salting and smoking processes on the microstructure, texture and yield 
of Atlantic salmon (Salmo salar) fillets. These authors reported that the force required to 
shear the smoked fillets was significantly higher than that for the unprocessed fillets 
regardless of the salting and smoking process that was used. Increasing the brine 
concentration increased fillet weight loss after brining, cook yield, water-phase salt 
content, and shear force (Jittinandana and others 2002). Hwang and others (2009) 
examined the inactivation effects of salt, phenol, and temperature on L. monocytogenes 
inactivation in salmon during hot-smoking. The authors concluded that temperature was 
the main factor in inactivating L. monocytogenes while salt and phenol contributed 







2.7.1 Hot Smoking vs. Cold Smoking 
There has been a change in production from traditional smoke-preserved fish 
towards lightly smoke-flavored fish products (Lyhs 2002). Traditional smoke-drying has 
been carried out at temperatures above 120
o
C. In this method, the flesh is fully cooked 
and dried (Al-Shuwaish 2000). In industrialized countries, smoking is primarily 
conducted to produce a lightly salted, lightly smoked product with an attractive 
appearance, odor and flavor (Kilic and others 2010).  





(Maga 1988). Lyhs (2002) explained that a brine soluble protein film is formed on the 
surface during the smoking process, which is able to absorb most of the antimicrobial and 
antioxidant compounds from the smoke. After hardening, this film represents a barrier 
against bacterial contamination. However, hot-smoked fish products are susceptible to 
contamination by pathogens such as L. monocytogenes due to post-processing 
contamination. This pathogen has been isolated from hot and cold smoked fish and grows 
well on hot smoked fish since competitive spoilage bacteria that are present in the raw 
material are destroyed during thermal processing. In addition, L. monocytogenes are able 
to grow on smoked fish that are contaminated posterior to processing (Arritt and others 
2008; Ingham and Lau 2003). Generally, L. monocytogenes contamination is the result of 
post-process contamination from the processing environment or the result of a thermal 
process that is incapable of destroying the pathogen (Palmer and others 2010; Hoffman 
and others 2003). Thus, hot-smoked fish products have to be refrigerated prior to further 
packaging (Lyhs 2002).  
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Cold-smoking is carried out at temperatures of 15 to 25°C (Maga 1988). These 
products are preserved through salt incorporation at 2-3% and are often vacuum-
packaged. Several fish species are cold-smoked. Examples include salmon (Salmo salar), 
herring (Clupea harengus) and rainbow trout (Oncorhyncus mykiss). The film formation 
which is a result of denaturation of the surface protein during salting is also essential, but 
the cold-smoking process does not destroy the natural microbial population or 
psychrotrophic pathogens of the raw fish, nor does it decrease the water activity enough 
to inhibit post-process microbial growth (Lyhs 2002). Therefore, control of the 
temperature during the cold-smoking process is critical to the safety of the finished 
product, and cold-smoked products must be stored at chilled temperatures.  
 
2.7.2 Functional Properties of Wood Smoke Components 
 
 
2.7.2.1 Flavor Properties 
Wood smoke performs several functional roles in food. It is considered a natural 
flavor and a label declaration is not needed. It is generally recognized that the 
characteristic wood smoke flavor is due to phenolic compounds such as guaiacol, phenol, 
4-methylguaiacol, syringol and many others (Bratzler and others 1969; Deng and others 
1974; Maga 1988). Thus, the concentration of phenols has been used to assess the smoke 
flavor intensity in smoked fish or meats (Chan and others 1975; Kjallstrand and Petersson 
2001). However, flavor is a complex sensation that is imparted by the combinations of 
many volatile and non-volatile compounds. Thus, a single group of compounds will not 
impart smoke flavor (Kramer and Brown 2008). In addition, the contribution of acids and 
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carbonyls is important to flavor, even though these compounds may be present in smaller 
concentrations amounts than phenols (Kramer and Brown 2008). Furan is also an 
important flavor compound in smoke; particularly, furfuraldehyde can condense to form 
numerous analogs that possess sweet, fruity and grassy aromas (Maga 1988). Furan also 
contributes to the overall sensory properties of wood smoke in that they tend to soften the 
heavy smoky aromas that are usually associated with phenolic compounds.  
 
2.7.2.2 Color Properties 
Wood smoke imparts brownish color on the meat surface, when the smoke and 
food components react chemically at elevated temperatures (Kramer and Brown 2008). 
The staining ability of wood smoke is associated with the acids and phenols, while color 
that is produced during heating is primarily attributed to acidic and carbonyl compounds. 
The color formation in smoked products is also due to a chemical reaction that involves 
the interaction of carbonyls in the smoke vapor phase with amino groups derived from 
proteins on the food surface. This reaction is referred to nonenzymatic or Maillard 
browning (Maga 1988). The most reactive carbonyls are formaldehyde, acetol, glycolic 
aldehyde, and methylglyoxal, with the latter two producing the most color (Ruiter 1970). 
Certain phenols that are associated with the vapor phase of smoke also contribute to color 
formation in smoked foods. However, they need to have a relatively high molecular 
weight so as to have a sufficient number of hydroxyl groups to cross-link protein at 
numerous sites through hydrogen bonding (Caurie and others 1974). Two phenols that 
are thought to react in this manner are coniferylaldehyde and sinapaldehyde, but in most 
situations the concentration of these two polyphenols is rather low, especially when 
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compared to the concentration of carbonyls that are present in the smoke (Chen and 
Issenberg 1972).  
 
2.7.2.3 Antimicrobial Properties 
The potential antimicrobial properties of smoke can contribute to the preservation 
of food products (Kramer and Brown 2008). Phenols and acids have shown the most 
antimicrobial activity, although carbonyls and acids also have a wide spectrum of 
antibacterial activity in the presence of a low concentration of phenols (Lyhs 2002). It has 
also been reported that a mixture of these compounds can be an effective antimicrobial 
agent at a lower concentration of the components than any of the individual components 
because their combined effect is synergistic (Kramer and Brown 2008). Although specific 
components have inhibitory activity against bacteria and fungi, wood smoke is not a 
stand-alone antimicrobial agent. Wood smoke may be used as a component of a hurdle 
system for food preservation.  
 
2.7.3 Smoke Condensates 
Historically, traditional smoking has been done with the burning of wood chips, 
which produces smoke but also potentially leads to tar formation in the smoke house, 
pollution in the environment, and carcinogens on the food (Kramer and Brown 2008). 
Smoke condensates can also be used instead of wood smoke. The reported advantages of 
utilizing liquid smoke condensate include: (i) some flavor can be incorporated throughout 
a product in a uniform manner instead of having a higher concentration on the outside of 
the product vs. the inside of the product as with traditional smoking, (ii) it can intensify 
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the flavor of traditionally smoked foods, (iii) there is a closer control on the amount of 
smoke flavor a product receives, (iv) it can be fractionated to intensify smoke flavor and 
to remove potentially harmful compounds before it is used with foods, (v) it can be 
applied to a wide variety of foods that are traditionally not smoked, (vi) it can be used at 
the consumer level, as well as the commercial processing level, (vii) normally it presents 
a cost savings since wood and smoking equipment are not required as part of the 
processing line, (viii) there is potentially less environmental pollution associated with its 
use, and (ix) it can be applied in various ways such spraying on the surface, dipping, and 
actual mixing with the food (Maga 1988).  
However, when using gaseous wood smoke, it is important that the conditions that 
are used to generate the smoke are constant to ensure consistency of smoke functional 
properties. When using liquid smoke flavors, it is also necessary to optimize the type and 
level of smoke flavor for a given application. Antimicrobial liquid smoke preparations 
that contain very low levels of phenols and thus a mild smoke flavor are commercially 
available. These preparations may be used in combination with other antimicrobial 
treatments to improve the safety of ready-to-eat cooked meats with a mild smoke flavor. 
 
2.7.4 Listeria Monocytogenes Concerns in Smoked Fish 
L. monocytogenes is a pathogen of concern in refrigerated RTE smoked fish 
because it has the ability to grow at refrigeration temperatures. Hwang and others (2009) 
reported that the salt, moisture content, pH and the prevailing storage temperature of 
smoked fish were supportive for the growth of L. monocytogenes. This pathogen has been 
found in hot and cold smoked fish and grows well on hot smoked fish since competitive 
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spoilage bacteria are destroyed during thermal processing, and L. monocytogenes are able 
to grow on smoked fish that are contaminated posterior to processing (Arritt and others 
2008; Ingham and Lau 2003). Therefore, RTE smoked fish pose a particular concern to 
the food industry since smoked fish is usually consumed without additional cooking or 
heating steps (Yoon and others 2004; Dillon and others 1992; Guyer and Jemmi 1991). In 
addition, in the United States, a zero-tolerance policy is in place for L. monocytogenes in 
RTE food products (Palmer and others 2010; Klontz and others 2008). 
 
2.7.5 Regulatory Requirements for Smoked Fish 
In the United States, hot-smoked fish in oxygen permeable packaging is treated as 
cooked RTE fish. However, hot-smoked fish in reduced oxygen packaging, which 
inhibits aerobic bacteria growth and spoilage, but potentially allows Clostridium 
botulinum to grow, is subject to the following guidelines. To minimize the risk of 
botulism, water-phase salt in hot-smoked fish in reduced oxygen packaging must be at 
least 3.5% without nitrite added and 3.0% with 100-200 ppm nitrite added (FDA 1997b, 
21CFR172.175; FDA 1997c, 21CFR172.177). Brine concentrations that range from 15 to 
24% (w/v) salt or a long brining time are used to achieve at least 3.5% water-phase salt. 
During smoking, the internal temperature of the fish must be maintained at or above 
62.8ºC throughout the fish for at least 30 min (FDA 2001). The finished product must not 
be exposed to temperatures above 10ºC for more than 12 h nor to temperatures above 
21.1ºC for more than 4 h, excluding time above 60ºC (FDA 2001). Other requirements 
include zero live parasites and zero levels of Salmonella and L. monocytogenes in the 






PHOSPHATE TYPE AFFECTS THE QUALITY  
OF VACUUM-TUMBLED CATFISH FILLETS 
 
3.1 Introduction 
In the United States and global markets, consumer demand for seafood products 
has increased due to population growth and consumer awareness of the health benefits of 
fish and shellfish. This has caused the aquaculture of freshwater fish and some other 
seafood products to become significant agricultural commodities in the United States 
(Nagle and others 2003). Channel catfish (Ictalurus punctatus) is one of the most 
prevalent species of commercial aquaculture that is produced in the United States and is 
being consumed to some extent in all of its regions (Wellborn 1988; Morris and others 
1995).  
Phosphates and salt are important ingredients in the processing and enhancement 
of muscle foods. These ingredients function by solubilizing the myofibrillar proteins, 
increasing ionic strength, and increasing pH (if alkaline), which cause increased water-
holding capacity in muscle and thus moisture retention and textural tenderness in muscle 
food products (Offer and Knight 1988; Thorarinsdottir and others 2001). The addition of 
phosphates and salt to whole muscle or fresh meat cuts such as pork longissimus and 
broiler pectoralis muscles have been utilized to increase tenderness, juiciness, and 
product yields (Lyon and others 1998; Hashim and others 1999; Young and others 1999; 
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Prestat and others 2002; Robbins and others 2002; Wicklund and others 2005). If the salt 
concentration in the marinade is too high, phosphate provides minimal improvements in 
the functional properties of meat proteins (Xiong and Kupski 1999a). In addition, Xiong 
and Kupski (1999b) reported that chicken fillets that were tumbled-marinated with 
phosphate and salt solutions absorbed moisture most rapidly in the first 5 min. The effect 
of sodium pyrophosphate on moisture absorption was the greatest, followed by sodium 
tripolyphosphate, and then sodium hexametaphosphate (Xiong and Kupski 1999b; Xiong 
and others 2000). 
Various alkaline phosphates are currently utilized in the industry in the form of 
blends of different phosphate compounds. Different phosphate forms vary in efficacy of 
maximizing yields and improving muscle food quality through protein extraction, 
buffering capacity, chelating ability, water binding, and emulsification (Brouilette 2007). 
However, minimal research has been published pertaining to the enhancement of fresh 
catfish fillets and the determination of which phosphate or phosphate blend(s) should be 
utilized to enhance fresh catfish fillet quality when vacuum tumbling is performed. Our 
study was conducted to determine the effects of various agglomerated phosphate blends 
that differ in chain length and pH on the quality of vacuum-tumbled catfish fillets. 
 
3.2 Materials and Methods 
 
 
3.2.1 Sample Preparation and Marination 
 Catfish fillets, channel (Ictalurus punctatus) and/or hybrid (channel*blue) (I. 
punctatus * I. furcatus) were obtained posterior to chilling from a commercial catfish 
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processing plant (Macon, MS, USA). Fresh catfish fillets were stored on ice in a cooler 
and processed within 3 h. For each treatment, 5 kg of fillets (average weight of 113 g per 
fillet; 1.3–1.5 cm thickness) were placed in a vacuum tumbler (Lyco Model 40, 
Columbus, WI, USA) and marinated with a brine solution that was formulated for a target 
15% pick-up over initial weight. The marinated product then contained approximately 





 food grade salt (Morton International Inc., Chicago, IL, USA), and 
phosphate at 92.72%, 3.83%, and 3.45%, respectively. The fillets were then vacuum-
tumbled (4°C, 20 mm Hg, 20 min, 18 rpm). The phosphates (BK Giulini Corp., Simi 
Valley, CA, USA) used as treatment variables were (Table 3.1): (1) sodium 
tripolyphosphate (STP, BRIFISOL
® 
STP New); (2) agglomerated blend of sodium 
phosphates (AGSP, BRIFISOL
® 
550); (3) agglomerated blend of poly- and 
pyrophosphates (AGPP, BRIFISOL
® 
85 Instant); (4) agglomerated blend of 
polyphosphates (AGP, BRIFISOL
® 
512); and (5) agglomerated blend of potassium and 
sodium polyphosphates (AGPSP, BRIFISOL
®
750). The marinated fillets were placed on 
polyethylene trays (PLS3-100Y, Cryovac®, Duncan, SC, USA), overwrapped with 
stretch film (SD-310, O2 transmission rate (OTR) = 13,500 cc/day/m
2
/atm, water vapor 




, Duncan, SC), and stored at 4°C for 1, 3, 
7, and 10 days. 
 
3.2.2 Solution Pick-up and Protein Exudate 
The difference in weight between the empty tumbler and the tumbler with exudate 
was reported as the amount of protein exudate due to tumbling for each treatment. This 
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weight was expressed as a percentage of the initial combined weight of the fillets and 
brine solution. After tumbling, the sample was removed from the tumbler and reweighed. 
All exudate on the surface of the fillets was removed manually and weighed with the 
tumbler. Solution pick-up was recorded as the difference in weight of the catfish fillets 
before and after tumbling. Solution pick-up was calculated as: 







and reported as a percentage. 
 
Table 3.1  Phosphate product designation and characteristics 
 
Product Name Component Phosphates 











11.5 ± 0.5  51.5 ± 2.0  AGSP 
Agglomerated 




Sodium polyphosphate,  
Sodium Acid pyrophosphate  













8.9 ± 0.2  50.0 ± 1.0  AGPSP 
 
 
3.2.3 pH Measurement 
At 24 h postmortem, a pH meter (Model Accumet 61a, Fisher Scientific, 
Hampton, NH, USA) with a meat penetrating pH probe (Model FlexipHet SS Penetration 
tip, Cole Palmer, Vernon Hills, IL, USA) was inserted directly into the muscle at 
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approximately the center of each catfish fillet (4 fillets per treatment; n=12) for each 
control and vacuum-tumbled treatment. 
 
3.2.4 Instrumental Color 
Instrumental color was measured at the same three locations on the surface of 
each fillet (4 fillets per treatment; n=12) using a chroma meter (CR-400, Minolta Camera 
Co., Ltd., Osaka, Japan) which was calibrated with a standard Minolta calibration plate 
(Minolta Camera Co., Ltd., Osaka, Japan). 
 
3.2.5 Cooking Loss 
The cooking method that was used was modified from those reported by 
Krivchenia and Fennema (1988) and LeBlanc and others (1988). The center portion of 
each fillet (4 fillets per treatment; n=12) was trimmed so that it weighed approximately 
70 g and cooked to an internal temperature of 65°C on a foil-covered baking sheet in an 
oven at 174°C (Model JBP25DOJ2WH, General Electric, Louisville, KY, USA). The 
internal temperatures of catfish fillets were determined using thermocouples and a data 
logger (Model UWTR, Omega Engineering, Samford, CT, USA). After cooking, the 
fillets were cooled to room temperature (22±2°C), and residual moisture was removed 
from each fillet with one paper towel prior to reweighing (Corzo and others 2009). 
Cooking loss was calculated as a percentage:  













Tenderness was assessed using an Instron Universal Testing Center (Model 3300, 
Instron, Norwood, MA, USA) equipped with a Kramer shear compression cell (CS-2) set 
at a chart and crosshead speed of 100mm/min (Marroquin and others 2004). For each test, 
a 25-g square piece from the center of the cooked fillet (4 fillets per treatment; n=12) was 
placed in the Kramer cell and sheared once. Shear force (N/g) was reported as the highest 
peak force in the texturegram and total energy (J/g) was reported as the area under the 
texturegram (Marroquin and others 2004). 
 
3.2.7 Psychrotrophic Plate Counts (PPC) 
 A 25-g center portion of each fillet (3 fillets per treatment; n=9) was aseptically 
cut into small pieces and homogenized with 225 mL of 0.1% sterilized peptone solution 
for 1 min in a Stomacher 400 Laboratory Blender (A. J. Seward and Co. Ltd., London, 
England). Dilutions were made by serially placing 1 ml of the homogenate into dilution 
tubes with 9 ml of 0.1% sterilized peptone solution. Plating was conducted on aerobic 
(PPC) count PetrifilmTM (3M Co., St. Paul, MN, USA) that was incubated at 20°C for 
72 h (Dormedy and others 2000; Marroquin and others 2004). 
 
3.2.8 Purge Loss 
Three fillets (n=9) for each treatment were individually vacuum packaged 
(Turbovac 320-ST-S, HFE Vacuum System, Hertogenbosch, Netherlands) in a vacuum 
super L bag (Cryovac®, Duncan, SC, USA) and stored (4°C) for 3 days. After storage, 
the catfish fillets were removed from the bag and excessive surface moisture was 
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removed with one paper towel. Each sample was reweighed and purge loss was 
calculated as a percentage:  








3.2.9 Sensory Evaluation 
Catfish fillets (n=3) were randomly selected from packaged trays, coded with 
random numbers, and placed on disposable paper plates for sensory texture evaluations. 
Additional fillets (n=3) were randomly selected, cut into 2 pieces (2.5cm
3
), and placed in 
cups for sensory odor evaluations. Using trained panelists and a 10-cm scale, a 4-member 
panel evaluated raw catfish fillets for raw odor and texture (van der Ploeg 1991). 
Training sessions were conducted to calibrate a 4-member panel with prior muscle food 
sensory evaluation experience, so that they were familiar with the intensity of spoilage of 
refrigerated catfish fillets. With a 10-cm horizontal line scale, the panelists placed a mark 
on the scale to represent the perceived intensity of freshness and firmness where 0 = very 
fresh/very firm and 10 = very spoiled/very soft. Values greater than 5 signified the end of 
shelf life. Fishy, hydrogen sulfide, ammonia, or putrid odor, as well as inelastic texture 
were considered indicators of spoilage. 
 
3.2.10 Statistical Analysis 
A randomized complete block design with 3 replications was used to determine if 
differences existed (P<0.05) among phosphate treatments with respect to protein exudate, 
solution pick-up, pH, surface color, purge loss, cooking loss, and tenderness. A 
randomized complete block design with a factorial arrangement was utilized to determine 
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if differences existed (P<0.05) among phosphate treatments, time, and treatment × time 
interaction (SAS Version 9.2, Cary, NC, USA) for psychrotrophic plate counts and 
sensory evaluations. The Least Significant Difference (LSD) test was utilized to separate 
main effect treatment means (P<0.05) when significant differences occurred among 
treatments (SAS Version 9.2, Cary, NC, USA). 
 
3.3 Results and Discussion 
 
 
3.3.1 Water-Holding Capacity 
No differences existed (P>0.05) in marinade pick-up percentage (8–9%) among 
phosphate treatments (Table 3.2). This was unexpected, since higher pH phosphates have 
been partially attributed to increased marinade pick-up (Baublits and others 2006; 
Alvarado and McKee 2007). The lack of difference may have occurred due to the 
elevated pH of the catfish fillets (6.5–6.7) in all treatments, including the control (Table 
3.2). Trout and Schmidt (1983) concluded that tetrasodium pyrophosphate and sodium 
tripolyphosphate, which are the most effective phosphates at increasing ionic strength and 
pH, would increase water-holding capacity to the greatest extent. However, the 
agglomerated blend of sodium phosphates (AGSP) that contained ortho-, tri-, and 
polyphosphates may not have been effective at increasing water-holding capacity because 
the initial pH of the catfish fillets was high (6.5). This indicates that it would already be 
far away from the isoelectric point and already have excellent water-holding capacity. 
Xiong and Kupski (1999b) also concluded that sodium pyrophosphate had the greatest 
effect on water uptake, followed by sodium tripolyphosphate and sodium 
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hexametaphosphate when broiler fillets were tumble-marinated with phosphate and salt 
solutions. In addition, sodium orthophosphate had minimal improvements in the water-
holding capacity of meat. Xiong (1998) proposed that phosphates that are incorporated 
with low levels of salt initially affect water-holding capacity by causing myofibrils to 
swell through enhancing the electrostatic repulsion between myofilaments. The creation 
of extra interfilamental spaces allows a strong immobilization of water that is naturally 
present in muscle or added during tumbling via capillary forces. When meat is 
continuously tumbled for a longer period of time or when the concentrations of salt and 
phosphate are increased, depolymerization of the myosin filaments occurs. In addition, 
dissociation of the actomyosin cross-bridges also occurs when pyrophosphate or 
tripolyphosphate are present. Disruption of the integral structure of the myofibrils will 
facilitate the extraction of myosin and other myofibrillar proteins, which in their soluble 
form can bind water via hydrogen bonds. However, for all types of phosphates, their 
effectiveness in water-holding capacity is sensitive to pH and ionic strength and varies 
with fiber types. 
The AGSP treatment had less protein exudate (P<0.05) than STP, AGPP, and 
AGPSP treatments, but no other differences (P>0.05) existed among treatments (Table 
3.2). This reveals that the AGSP treatment may be the most effective treatment for 
minimizing protein exudation since it is a blend of phosphates with variable lengths (no 
pyrophosphate). This also may be due to the fact that AGSP has no pyrophosphate in it, 
which is known to be the most optimal form of phosphate for extracting protein (Xiong 
1998). In addition, the combination of marinade pick-up and protein exudates summed up 
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to between 12–13%, which is close to the 15% total solution that was used to marinate 
the catfish fillets. 
All phosphate treatments decreased (P<0.05) cooking loss when compared to the 
control, with the exception of STP (Table 3.2). The AGPP treatment also had less 
(P<0.05) cooking loss than the STP treatment. In addition, all phosphate treatments 
increased yield, based on the green weight, when compared to the control; and the AGP 
and AGPSP treatment had higher yields (P<0.05), based on green weight, than the STP 
treatment. Since no differences (P>0.05) existed among agglomerated phosphates, all 
types could potentially be used to increase product yields when fresh catfish fillets are 
marinated by vacuum tumbling. These results revealed that the increased surface area of 
the agglomerated treatments may have contributed to the increased yields, since all 
treatments had catfish fillets with very high pH values. Alvarado and Sams (2004) found 
that vacuum tumbling with sodium tripolyphosphate increased moisture in cooked broiler 
breast fillets. Others have reported an increase in cooked yield of broiler fillets after 
vacuum tumbling with polyphosphates (Young and Lyon 1997; Young and Smith 2004). 
All phosphate treatments decreased (P<0.05) purge loss when compared to the 
control treatment (Table 3.2). The purge loss of phosphate-tumbled catfish fillets was 
between 1.6 and 2.2%. Even these relatively low purge losses could have a significant 
economic impact on industry profitability. These results were similar to Sutton and others 
(1997) who found that purge loss was lower for pork loin enhanced with sodium 
tripolyphosphate than for controls. Differences in types of phosphates, enhancement 
solution pH, and enhancement concentrations may account for purge loss inconsistencies. 
 
 62 
3.3.2 pH Analysis 
AGSP had a higher (P<0.05) pH than all other treatments with the exception of 
AGPP (Table 3.2). This was probably due to the elevated pH and short-chain phosphates 
that are present in AGSP and AGPP and are effective at shifting the pH further away 
from the isoelectric point of the myofibrillar proteins (Alvarado and McKee 2007). 
However, all pH values were very high (>6.5), which minimizes the pH effects of 
phosphate and therefore the differences in pH values. Baublits and others (2006) reported 
that beef muscles enhanced with sodium tripolyphosphate or tetrasodium pyrophosphate 
had a higher pH value than untreated muscles. 
 
Table 3.2  Exudate, pick-up, pH, purge loss, and cook loss values of vacuum-tumbled  



















































































S.E. 0.2 0.1   0.4   0.4 0.2 0.02 
 
abc
 = Means with the same letter within each column are not significantly different (P<0.05) 
1
 NA = Not applicable because the control treatment was not marinated 
2
 = Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = 
agglomerated blend of sodium phosphates, AGPP = agglomerated blend of poly-and 
pyrophosphates, AGP = agglomerated blend of polyphosphates, AGPSP = agglomerated 




Delbarre-Ladrat and others (2006) concluded that endogenous enzymes promote 
fat hydrolysis and the proteolysis of muscle proteins and connective tissue after slaughter. 
In this stage, lactic acid accumulates in fish muscle that results in a pH drop from a value 
close to 7.4 to 6.0 or lower (Marroquin and others 2004). The pH value of living fish 
muscle is in a range of 7.0 to 7.4, but due to post-mortem accumulation of lactic acid, pH 
values in the range of 5.8 to 6.2 are reached at peak rigor development. However, in the 
present study, the pH values of the control and phosphate-tumbled catfish fillets were 
between 6.5 and 6.7. 
 
3.3.3 Tenderness 
All phosphate treatments decreased (P<0.05) shear force and total energy when 
compared to the control treatment, which indicates increased tenderness. In addition, 
catfish fillets that were marinated with AGSP and AGPSP were more tender (P<0.05) 
than fillets that were marinated with STP (Table 3.3). These results are similar to those 
from previous studies that have been conducted with poultry and pork. Poultry meat that 
was marinated with a mixture of water, salt, and sodium tripolyphosphates increased 
tenderness (Smith and Young 2007). Hayes and others (2006) concluded that the 
enhancement of pork loin with salt, sodium tripolyphosphate, and milk proteins increased 
tenderness and juiciness. Other research has shown a general trend of increasing poultry 
meat tenderness with the use of polyphosphate marinades (Smith and Young 2007). In 
the present study, agglomerated phosphate blends were more effective in increasing the 




3.3.4 Instrumental Color 
CIE L* (lightness) and a* (redness) values were not different (P>0.05) among 
treatments. This was probably due to the fact that catfish fillets have minimal 
pigmentation so that slight changes in moisture content and yield will have minimal 
effects on color (Lu 2008). However, all agglomerated phosphate blends slightly 
decreased CIE b* (yellowness) values when compared to the control treatment, while the 
STP and control treatments did not differ (P>0.05) in yellowness (Table 3.3). However, 
all CIE b* values ranged between −1.5 and 0.6 which is practically minimal variation in 
regard to yellowness. These results are similar to those of Lu (2008) with respect to the 
color of catfish fillets. This researcher reported that the average CIE L* values for post-
mortem-chilled catfish fillets were in the range of 49 and 52. In addition, this researcher 
indicated that the majority of CIE a* and b* values for catfish fillets were close to zero. 
In the present study, average CIE L* values were between 52 and 54, CIE a* values were 
slightly positive but near zero, and CIE b* values were also near zero. Hayes and others 
(2006) reported that CIE L* values of pork loin were not affected by the enhancement of 
salt, sodium tripolyphosphate, and milk protein, but that enhancement did have an effect 
on both CIE a* and b* values. Smith and Young (2007) found that CIE L* and a* values 
of broiler breast fillets that were vacuum-tumbled with a mixture of sodium 
tripolyphosphate, salt, and water were slightly decreased when compared to non-
marinated broiler breasts. The small differences, predominantly in CIE a* and b*, that 
may occur in color due to marination, could be caused by slight changes in light 
reflection that are associated with a more open protein structure (Damodaran and others 
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2008). It is apparent from the results of the current study that marination through vacuum 
tumbling did not impart negative or positive color differences in the catfish fillets. 
  
Table 3.3  Surface color, shear force and total energy values of vacuum-tumbled 


























































S.E.   0.7 0.12 0.3  0.4 0.003 
 
abc
 = Means with the same letter within each column are not significantly different (P<0.05) 
1
 Shear force (N/g) = Maximum peak force required to shear through the sample 
2
 Total energy (J/g) = Area under the curve required to shear through the sample 
3
 = Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = 
agglomerated blend of sodium phosphates, AGPP = agglomerated blend of poly-and 
pyrophosphates, AGP = agglomerated blend of polyphosphates, AGPSP = agglomerated 
blend of potassium and sodium polyphosphates 
 
 
3.3.5 Psychrotrophic Plate Counts (PPC) 
Psychrotrophic plate counts (PPC) for all phosphate treatments were similar 
(P>0.05) to the control treatment at each storage time, and as expected, PPC increased 
(P<0.05) as storage time increased. In addition, PPC were lower (P<0.05) for AGSP than 
AGPP on day 3 and 7 and lower (P<0.05) than STP on day 10 (Fig. 3.1). It has been 
reported that the shelf life of catfish fillets has been exceeded when the PPC reaches 8 log 
CFU/g (Martin and Hearnsberger 1993; Silva and others 1995; Marroquin and others 
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2004). Therefore, all samples became spoiled between day 7 and 10. These results were 
similar to previously reported research. Zheng and others (1999) reported that fresh 
chicken breast that was injected with 0.5% sodium tripolyphosphate and a non-injected 
control exhibited the same rates of psychrotrophic bacterial growth, and that after 7 days 
at 4°C storage, the psychrotrophic bacterial count in all samples exceeded 7 log CFU/g 
and were spoiled. However, Molins (1991) concluded that the inhibition of 
microbiological deterioration in muscle foods has been accomplished by treatment with 
various phosphates, including a chelation effect from tripolyphosphate. According to 
Molins (1991), changes in pH that are induced by phosphate addition may play an 
important role in the ability of these compounds to chelate metal ions that are essential in 
bacterial metabolism and growth. In addition, pyrophosphate and polyphosphate have 
more of an antimicrobial effect on gram positive bacteria (Molins 1991).   
 
3.3.6 Sensory Evaluation 
No differences (P>0.05) existed among the phosphate and control treatments with 
regard to off odor (an indication of spoilage) on days 3 and 7 (Fig. 3.2), and all phosphate 
treatments except AGP were similar to the control treatment on day 10. In addition, 
spoilage odor increased (P<0.05) as storage time was extended. The results from this 
study revealed that spoilage odor of catfish fillets was unaffected by the phosphate 
treatments. An increase in spoilage odor of raw catfish fillets could be noted between 
days 7 and 10. Spoilage odor surpassed the sensory spoilage indicator point of 5.0 cm on 
day 10. Therefore, the shelf life of the catfish fillets was at some point between days 7 
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and 10. Objectionable odors, including fishy, hydrogen sulfide, ammonia, and putrid, 
were indicators of spoilage. 
No differences (P>0.05) existed among the phosphate and control treatments with 
regard to softness (an indication of spoilage) on day 3, but AGPP and AGPSP were softer 
(P<0.05) than the control treatment on day 7 (Fig. 3.3). The AGPSP treatment was softer 
(P<0.05) than the control, while other phosphate treatments were similar to the control 
treatment on day 10 (Fig. 3.3). In addition, softness significantly increased (P<0.05) with 
extended storage time. The texture was unacceptable at 10 days of storage as indicated by 
the texture score (>5.0 cm). 
 
3.4 Conclusions 
It is apparent from this research that the use of the agglomerated blend of sodium 
phosphates (AGSP), which contains mono-, tri-, and polyphosphates and is designed for 
use in high acid meat brines, may optimize the quality of fresh catfish fillets that have 
been enhanced by vacuum tumbling. Further studies observing this phosphate blend in 
catfish fillets with the intent to optimize salt concentration and antimicrobial use are 

































































Figure 3.1 Effect of phosphate type on the psychrotrophic plate counts of vacuum- 





: means for each phosphate blend at each storage time at 4
o
C followed by a different letter 
differ (P<0.05) 
Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = agglomerated blend of 
sodium phosphates, AGPP = agglomerated blend of poly-and pyrophosphates, AGP = 















































































Figure 3.2  Effect of phosphate type on the raw odor of vacuum-tumbled catfish fillets 
at each storage time at 4
o
C by sensory evaluation (0 = very fresh, 10 = very 
spoiled, and values greater than 5 signify the end of shelf-life) 
 
abc
: means for each phosphate blend at each storage time at 4
o
C followed by a different letter 
differ (P<0.05) 
Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = agglomerated blend of 
sodium phosphates, AGPP = agglomerated blend of poly-and pyrophosphates, AGP = 















































































Figure 3.3  Effect of phosphate type on the raw texture of vacuum-tumbled catfish 
fillets at each storage time at 4
o
C by sensory evaluation (0 = very firm, 10 = 
very soft, and values greater than 5 signify the end of shelf-life) 
 
abc
: means for each phosphate blend at each storage time at 4
o
C followed by a different letter 
differ (P<0.05) 
Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = agglomerated blend of 
sodium phosphates, AGPP = agglomerated blend of poly-and pyrophosphates, AGP = 







PHOSPHATE TYPE AFFECTS THE QUALITY  
OF INJECTED CATFISH FILLETS 
 
4.1 Introduction 
Water is the most abundant component (70-80%) in catfish muscle, and the 
amount present directly affects the shelf-life and sensory quality of the product. Catfish 
processing plants are interested in maximizing water content in their catfish fillets in 
order to increase profits, as well as maintain the quality of their final products (Goncalves 
and Ribeiro 2008). Many processors use either vacuum tumbling or multi-needle 
injection to optimize the yields and tenderness of catfish fillets, but minimal research has 
been reported on the effect of different agglomerated phosphate blends on product quality 
when using either method. In addition, most catfish fillets are usually sold frozen when 
marinated with phosphates and are individually quick frozen (IQF) after injection or 
tumbling with phosphates. 
Food-grade phosphates have a wide spectrum of applications and functional uses 
in seafood products, including the retention of moisture and flavor, prevention of lipid 
oxidation, shelf-life extension, and cryoprotection (Lampila 1992). Sodium 
tripolyphosphate (STP) is commonly utilized in the catfish industry in marinades to 
maximize yields and tenderness. In addition, numerous studies have reported that 
phosphates increase the water-binding capacity of meats, and give resistance against 
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oxidation (Molins 1991; Alvarado and McKee 2007; Goncalves and Ribeiro 2008). 
Molins (1991) stated that polyphosphates reduce the bacterial populations in meat 
products whereas Unal and others (2004) reported that polyphosphates have been utilized 
to improve the textural properties of meat products and to help stabilize color, flavor, and 
sensory characteristics. 
Various blends of alkaline phosphates are currently available for use in the 
industry since different phosphate forms vary in their efficacy of maximizing yields and 
improving muscle food quality through protein extraction, buffering capacity, chelating 
ability, water binding, and emulsification (Alvarado and McKee 2007; Brouilette 2007). 
Monophosphates provide buffering capacity, diphosphates enhance water-binding 
capacity, and polyphosphates bind calcium and can be converted to the diphosphate form. 
Xiong and others (2000) reported that the effect of sodium pyrophosphate on moisture 
absorption was the greatest, followed by STP and then sodium hexametaphosphate. 
Because of the increased demand of phosphates in meat and seafood products, these 
phosphate blends are often agglomerated, which provides the following benefits: 
increased marinade pick-up, improved solubility in cold water, increased salt tolerance, 
and improved yields and performance in hard water systems (Brouilette 2007). In 
addition, agglomerated blends of phosphates possess desirable properties such as alkaline 
pH, calcium compatibility, the ability to hydrolyze into the diphosphate form, to 
solubilize myofibrillar proteins, and to expose charged binding sites to increase water-
binding capacity (Molins 1991; Alvarado and McKee 2007). Since minimal research has 
been reported on the effects of phosphate types (STP compared with agglomerated 
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blends) on the quality and shelf-life of fresh refrigerated catfish fillets, the current study 
was conducted to determine the effects of various phosphate products on the quality of 
tray-packed, refrigerated catfish fillets that were enhanced through multi-needle injection. 
 
4.2 Materials and Methods 
 
 
4.2.1 Sample Preparation 
Catfish fillets, channel (Ictalurus punctatus) and/or hybrid (channel*blue) (I. 
punctatus * I. furcatus) were obtained posterior chilling from a commercial catfish 
processing plant (Macon, Miss, U.S.A.). Fresh catfish fillets were stored on ice in a 
cooler and processed within 24 h. For each treatment, 9 kg of catfish fillets (average 
weight 170±15 g per fillet) were injected to 115% over green weight to target 0.45% 




Food Grade Salt Morton Intl. Inc., Chicago, Ill., 
U.S.A.) in the finished product. An Accujector injector (ACJ 450, Convenience Food 
Systems, Frisco, Tex., U.S.A.) was operated with 2.00 mm I.D. needles at a speed of 21 
cycles/min and a pressure of 0.28 MPa. The following phosphate products (BK Giulini 
Corp., Simi Valley, Calif. U.S.A.) were used as treatment variables (Table 3.1): (1) STP 
(BRIFISOL
 
STP New), (2) agglomerated blend of sodium phosphates (AGSP, 
BRIFISOL
 
550), (3) agglomerated blend of poly- and pyrophosphates (AGPP, 
BRIFISOL
 
85 Instant), (4) agglomerated blend of polyphosphates (AGP, BRIFISOL
 
512), and (5) agglomerated blend of potassium and sodium polyphosphates (AGPSP, 
BRIFISOL
 
750). Injected and control samples were placed on polyethylene trays (PLS3-
100Y, Cryovac, Duncan, SC) and overwrapped with stretch film (SD-310, O2 
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transmission rate (OTR) = 13,500 cc/day/m
2





, Duncan, SC). Tray-packed samples were stored at 4
◦
C for 1, 4, 8, 
and 11 d. 
 
4.2.2 Water-Holding Capacity: Yields 
 
 
4.2.2.1 Solution Pick-up 
Solution pick-up was recorded as the difference in weight of the catfish fillets 
before and after injection. Solution pick-up was calculated as  






    
and reported as a percentage. 
 
4.2.2.2 Purge Loss 
Three fillets (n=9) for each treatment were individually vacuum packaged 
(Turbovac 320-ST-S, HFE Vacuum System, Hertogenbosch, Netherlands) in a vacuum 
super L bag (Cryovac
®
, Duncan, SC) and stored at 4
o
C for 4 d. After storage, the catfish 
fillets were removed from the bag and excessive surface moisture was removed with one 
paper towel. Each sample was reweighed and purge loss was calculated as a percentage: 








4.2.2.3 Cooking Loss 
The cooking method was modified from Krivchenia and Fennema (1988) and 
LeBlanc and others (1988). The center portion of each fillet (4 fillets per treatment; n=12) 
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was trimmed so that it weighed approximately 70±5 g and cooked to an internal 
temperature of 65
o
C on an aluminum foil covered baking sheet in an oven at 174
o
C 
(Model JBP25DOJ2WH, General Electric, Louisville, KY). The internal temperatures of 
catfish fillets were determined using thermocouples and a data logger (Model UWTR, 
Omega Engineering, Samford, CT). After cooking, the fillets were cooled to room 
temperature (22±2
o
C), and residual moisture was removed from each fillet with a paper 
towel prior to reweighing (Corzo and others 2009). Cooking loss was calculated as a 
percentage:   








4.2.3 Physicochemical Measurements 
 
 
4.2.3.1 pH Measurement 
A pH meter (Model Accumet 61a, Fisher Scientific, Hampton, NH) with a meat 
penetrating pH probe (Model FlexipHet SS Penetration tip, Cole Palmer, Vernon Hills, 
IL) was inserted directly into the muscle at approximately the center of each catfish fillet 
(4 fillets per treatment; n=12) for each control and injected treatment at 24 h postharvest.  
 
4.2.3.2 Instrumental Color 
Instrumental color measurements were taken at the same three locations on the 
surface of each fillet (4 fillets per treatment; n=12) using a chroma meter (Chromameter 
Model CR-400, Minolta Camera Co., Ltd., Osaka, Japan Serial No C8202489) that was 
calibrated with a standard white Minolta calibration plate (Model No 20933026, Japan).  
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Instrumental color was expressed in terms of CIE values for lightness (L*), redness (a*), 
and yellowness (b*). The CR 400 chroma meter uses a xenon lamp as the light source, 




Tenderness was assessed using an Instron Universal Testing Center (Model 3300, 
Instron, Norwood, MA) that was equipped with a Kramer shear compression cell (CS-2) 
set at a chart and crosshead speed of 100 mm/min (Marroquin and others 2004).  For each 
test, a 25 g square piece was removed from the center of each cooked fillet (4 fillets per 
treatment; n=12) and placed in the Kramer cell and sheared once. Shear force (N/g) was 
reported as the highest peak in the texturegram and total energy (J/g) as the area under the 
texturegram (Marroquin and others 2004). 
 
4.2.4 Psychrotrophic Plate Counts (PPC) 
A 25 g center portion of each fillet (3 fillets per treatment; n=9) was aseptically 
cut into small pieces and homogenized with 225 ml of 0.1% sterilized peptone solution 
for 1 min in a Stomacher 400 Laboratory Blender (A. J. Seward and Co. Ltd., London, 
England).  Dilutions were made by serially placing 1 ml of the homogenate into dilution 
tubes with 9 ml of 0.1% sterilized peptone solution. Plating was conducted on aerobic 
(PPC) count PetrifilmTM (3M Co., St. Paul, MN) that was incubated at 20
o
C for 72 h 





4.2.5 Sensory Evaluation 
Catfish fillets (n=3) were randomly selected from packaged trays, coded with 
random numbers, and placed on disposable paper plates for texture evaluation. Additional 
fillets (n=3) were randomly selected, cut into 2 pieces (2.5 cm
3
) and placed in cups for 
odor evaluation. A 4-member panel evaluated raw catfish fillets for raw odor and texture 
using a 10-centimeter line scale (van der Ploeg 1991).  Training sessions (approximately 
5 hours) were conducted to calibrate the panelists with prior muscle food sensory 
evaluation experience (>50 hours/person) so that they were familiar with the intensity of 
spoilage of refrigerated catfish fillets. With a 10-centimeter horizontal line scale, the 
panelists placed a mark on the scale to represent the perceived intensity of freshness and 
firmness with 0 = very fresh/very firm and 10 = very spoiled/very soft. Values greater 
than 5 signified the end of shelf-life. Fishy, hydrogen sulfide, ammonia or putrid odor, as 
well as inelastic texture were considered indicators of spoilage.  
  
4.2.6 Statistical Analysis 
A randomized complete block design with 3 replications was used to determine if 
differences existed (P<0.05) among phosphate treatments with respect to solution pick-
up, pH, surface color, purge loss, cooking loss, and tenderness. A randomized complete 
block design with a factorial arrangement was utilized to determine if differences existed 
(P<0.05) among phosphate treatments, time, and treatment*time interaction (SAS 
Version 9.2, Cary, NC) for psychrotrophic plate counts and sensory evaluations. The 
Least Significant Difference (LSD) test was utilized to separate main effect treatment 
means (P<0.05) when significant differences occurred among treatments. 
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4.3 Results and Discussion 
 
 
4.3.1 Water-Holding Capacity: Yields 
 
 
4.3.1.1 Solution Pick-up 
Solution pick-up ranged from 11.9 to 15.2% (Table 4.1), but fillets treated with 
AGSP had greater (P<0.05) solution pick-up than all other treatments (STP, AGPP and 
AGPSP), with the exception of AGP. This was expected since higher pH and short-chain 
phosphates have been partially attributed to increased solution pick-up (Baublits and 
others 2006). AGSP may have been effective at increasing water holding capacity since 
this agglomerated phosphate blend has a very high pH (11.5) and contains phosphates 
with variable chain lengths. This blend may be able to shift the pH further away from the 
isoelectric point of the myofibrillar proteins, unfold muscle proteins and thereby expose 
more charged sites on amino acid side chains which enhance water holding capacity. 
However, Kin and others (2009) found that AGSP was not effective at increasing water 
holding capacity of catfish fillets when the fillets were vacuum-tumbled. This may have 
occurred due to the elevated pH of the catfish fillets (6.5-6.7) in all treatments, including 
the control. Generally, alkaline pyrophosphates and tripolyphosphates have the ability to 
increase water-holding capacity in meat tissue since they are effective at increasing ionic 
strength and pH (Bendall 1954; Hellendoorn 1962; Xiong 1999; Goncalves and Ribeiro 
2008). Lampila (1992) stated that monophosphate has no effect on water binding, but has 
the best buffering capacity in marinades.  However, the use of phosphates with longer 
chain lengths tends to increase polyelectrolyte properties and thus attaches to positive 
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sites on protein molecules which improve protein solubility and enhances water binding. 
Therefore, it could be concluded that water binding of meat does not only depend on pH 
or chain lengths but also a combination of factors such as the type of phosphate, the ionic 
effect, pH changes contributed by phosphates and the dissociation of the actomyosin 
complex (if pyrophosphate) (Hamm 1970; Xiong 1999; Goncalves and Ribeiro 2008).  
 
4.3.1.2 Purge Loss 
No differences (P>0.05) existed in purge loss among treatments. However, the 
purge loss for individual catfish fillets within the control and phosphate-injected 
treatments were in the range of 2.2 and 3.8%. It has been reported that phosphates can be 
utilized to decrease purge loss in meat products through injection (Sutton and others 
1997).  This may not have occurred in the current study due to a low salt concentration 
(Vann and others 2007), high pH, and excellent water-holding capacity.  
 
4.3.1.3 Cooking Loss 
No differences (P>0.05) existed among the phosphate and control treatments with 
regard to cooking loss, but AGSP had lower (P<0.05) cooking loss than AGPP (Table 
4.1). This was unexpected since phosphates have been reported to enhance hydration of 
raw meat and reduce the cooking loss (Xiong 1999). Samples treated with pyrophosphate 
or tripolyphosphate showed a fast rate of hydration and thus had a much higher cooking 
yield than the control (Xiong 1999). This discrepancy was probably due to the low 
concentration (0.5%) of NaCl used in this experiment. It was found that phosphates, 
particularly pyrophosphate at a 0.5% level, was highly effective at increasing the water-
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binding properties and it worked synergistically with 1% NaCl (Bendall 1954; Xiong 
1999). However, all phosphate treatments in this experiment increased yield based on 
green weight when compared to the control, and AGSP had higher (P<0.05) yields than 
all other phosphate treatments (Table 4.1). It may be concluded that the high pH values 
and variable phosphate chain lengths of AGSP contributed to increased product yields 
when fresh catfish fillets were marinated through multi-needle injection.  
 
4.3.2 Physicochemical Analysis 
 
 
4.3.2.1 pH Analysis 
AGSP had a higher (P<0.05) pH than all other treatments (Table 4.1). This was 
probably due to the elevated pH and short-chain phosphates that are present in AGSP, 
which are effective at shifting the pH further away from the isoelectric point of the 
myofibrillar proteins (Alvarado and McKee 2007). These results were similar to those of 
Baublits and others (2006) who reported that beef muscles enhanced with sodium 
tripolyphosphate or tetrasodium pyrophosphate had a higher pH than untreated muscles. 
This increase in pH was most likely a strong contributor to the increased yields in catfish 
fillets that were injected with AGSP. Delbarre-Ladrat and others (2006) reported that 
endogenous enzymes promote fat hydrolysis and the proteolysis of muscle proteins and 
connective tissue after slaughter. In this stage, lactic acid accumulates in fish muscle 
which results in a pH drop from 7.4 to 6.0 (Marroquin and others 2004). The pH of living 
fish muscle is 7.0 but due to post-mortem accumulation of lactic acid, pH values in the 
range of 5.8 to 6.2 are reached at peak rigor development.  
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Table 4.1 Yields (Pick-up, cook loss, yield based on green weight) and pH of multi-
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S.E. 0.42  0.7 0.7 0.04 
 
abc
: Means with the same letter within each column are not significantly different (P<0.05) 
1
: NA = Not applicable because the control treatment was not marinated 
2
: Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = 
agglomerated blend of sodium phosphates, AGPP = agglomerated blend of poly-and 
pyrophosphates, AGP = agglomerated blend of polyphosphates, AGPSP = agglomerated 
blend of potassium and sodium polyphosphates 
 
 
However, in the present study, the pH values of the control and phosphate-
injected catfish fillets were in the range of 6.4 to 7.0. The pH values of the control fillets 
which were already high (6.4), but in the normal range for catfish fillets may minimize 
the pH effects of phosphates and therefore minimize differences in the pH values of the 
control and other phosphate treatments.  
 
4.3.2.2 Instrumental Color 
CIE L
*
 (lightness) values of phosphate treatments were lower (P<0.05) than the 
control, with the exception of AGPP, but AGSP had lower (P<0.05) CIE L* values than 
 
 82 
other phosphate treatments (Table 4.2). Phosphate effects on CIE L* values agreed with 
the findings of Smith and Young (2007) who found that CIE L* values of broiler breast 
fillets, that were vacuum-tumbled with a mixture of sodium tripolyphosphate, salt and 
water were slightly decreased when compared to non-marinated broiler breasts, but 
differed from Hayes and others (2006) who reported that CIE L* values of pork loin were 
not affected by the enhancement of salt, sodium tripolyphosphate, and milk protein. Lu 
(2008) reported that the average CIE L* values for postmortem-chilled catfish fillets were 
in the range of 49 and 52. In the present study, average CIE L* values for the control and 
phosphate-injected catfish fillets were in the range of 53 to 59. In addition, CIE a
*
 
(redness) values were not affected (P>0.05) by phosphate treatments. This was probably 
due to the fact that catfish fillets have minimal pigmentation so slight changes in moisture 
content and yield will have minimal effects on red color (Lu 2008). This result was 
different from Hayes and others (2006), who reported that CIE a* values of pork loin 
were affected by the enhancement of salt, sodium tripolyphosphate, and milk protein. 
However, the results from this experiment revealed that CIE b
*
 (yellowness) values were 
decreased (P<0.05) by phosphate treatments (Table 4.2). Phosphate effects on CIE b* 
values agreed with the findings of Hayes and others (2006) who reported that CIE b* 
values of pork loin were decreased through enhancement with salt, sodium 
tripolyphosphate, and milk protein. Lu (2008) indicated that the majority of CIE a* and 
CIE b* values for catfish fillets were close to zero.  In the present study, average CIE a* 
values were slightly negative but near zero, and CIE b* values were slightly negative. 
The small differences, predominantly in CIE L* and CIE b* values that may occur in 
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color due to marination, could be caused by slight changes in light reflection that are 
associated with a more open protein structure (Damodaran and others 2008). It is 
apparent from the results of the current study that marination of phosphates and salt 
through multi-needle injection decreased lightness and yellowness in the catfish fillets 
whereas vacuum tumbling with the same conditions did not affect the lightness of catfish 
fillets (Kin and others 2009). The lower CIE L* values that were apparent in this multi-
needle injection treatment suggested that the fillets were darker in color. The surface of 
the fillets appears darker because the light is absorbed as opposed to being scattered.  
 
Table 4.2 Surface color, shear force and total energy values of multi-needle injected 








































































S.E. 0.5 0.1 0.3  0.5 0.01 
 
abc
: Means with the same letter within each column are not significantly different (P<0.05) 
1
: Shear force (N/g) = Maximum peak force required to shear through the sample 
2
: Total energy (J/g) = Area under the curve required to shear through the sample 
3
: Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = 
agglomerated blend of sodium phosphates, AGPP = agglomerated blend of poly-and 
pyrophosphates, AGP = agglomerated blend of polyphosphates, AGPSP = agglomerated 




Meat that has greater water holding capacity results in light absorbing 
characteristics thereby making the meat appear darker in color (Bauermeister and McKee 
2005).  Swatland (1993) reported that the pale color of meat is influenced by pH decline 
and light scattering properties of the meat. When light is scattered as opposed to 
absorbed, meat color appears lighter. 
 
4.3.2.3 Tenderness 
All phosphate treatments decreased (P<0.05) shear force and total energy when 
compared to the control treatment, which indicated increased tenderness, but no 
differences (P>0.05) existed among phosphate treatments (Table 4.2). These results are 
similar to those from previous studies that have been conducted with poultry and pork, 
but no research has been published on how phosphate affects the tenderness of catfish 
fillets. Poultry meat that was marinated with a mixture of water, salt, and sodium 
tripolyphosphates increased tenderness (Smith and Young 2007).  Hayes and others 
(2006) concluded that the enhancement of pork loin with salt, sodium tripolyphosphate 
and milk proteins increased tenderness and juiciness. Other research has shown a general 
trend of increasing poultry meat tenderness with use of polyphosphate marinades, but no 
other research could be located that studied the effects of using phosphates to enhance 
fish products (Smith and Young 2007).  
 
4.3.3 Psychrotrophic Plate Counts (PPC) 
The rate of microbial spoilage depends on the number of microorganisms present 
on the fish and the temperature at which the fish is stored. However, fatty fish can spoil 
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faster than lean fish. Psychrotrophs and psychrophiles are the most common bacteria 
found in fish.  In the current experiment, AGPP fillets had lower (P<0.05) psychrotrophic 
plate counts (PPC) than the control at each storage time while other phosphate treatments 
had lower (P<0.05) PPC than the control on day 8 with the exception of AGP (Fig. 4.1). 
These results were different from Kin and others (2009), who reported that AGPP did not 
affect PPC at each storage time when catfish fillets were vacuum-tumbled with the same 
brine solutions. This may have occurred due to protein exudation and lower brine 
absorption that occurred during vacuum tumbling when compared to injection systems. In 
addition, as expected, PPC increased (P<0.05) as storage time increased. The shelf-life of 
catfish fillets has been reported to be exceeded when the PPC reaches 7-8 log CFU/g 
(Martin and Hearnsberger 1993; Marroquin and others 2004). Therefore, all samples 
became spoiled at some point between day 8 and 11. These results were similar to 
previously reported research. Zheng and others (1999) reported that fresh chicken breast 
injected with 0.5% sodium tripolyphosphate and a non-injected control exhibited similar 
rates of psychrotrophic bacterial growth and that after 7 days at 4
o
C storage, the 
psychrotrophic bacterial count in all samples exceeded 7 log CFU/g, and were spoiled. 
However, Molins (1991) reported that changes in pH that are induced by phosphate 
addition may play an important role in the ability of tripolyphosphate to chelate metal 
ions that are essential in bacterial metabolism and growth, and that pyrophosphate and 
polyphosphate have more of an antimicrobial effect on gram positive bacteria than gram 
negative bacteria. The results from this study revealed that AGPP that contains acid 

































































Figure 4.1  Effect of phosphate type on the psychrotrophic plate counts of injected 





: means for each phosphate blend at each storage time at 4
o
C followed by a different letter 
differ (P<0.05) 
Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = agglomerated blend of 
sodium phosphates, AGPP = agglomerated blend of poly-and pyrophosphates, AGP = 




4.3.4 Raw Sensory Evaluation 
No differences (P>0.05) existed among the control and phosphate treatments with 
regard to fillet raw odor on days 4 and 8, but phosphate treatments, with the exception of 
AGP, had lower (P<0.05) fillet off-odor score than the control on day 11 (Fig. 4.2). An 
increase in sensory spoilage odor of raw catfish fillets could be noted at some point 
between day 8 and 11. Sensory spoilage odor surpassed the sensory spoilage indicator 
point of 5.0 cm after day 8. Objectionable odors, including fishy, hydrogen sulfide, 
ammonia, and putrid were indicators of spoilage. Delbarre-Ladrat and others (2006) 
reported that supply of oxygen and energy ceases after death of the fish and instead a new 
sequence begins where glycogen is broken down and energy-rich compounds like 
adenosine triphosphate (ATP) is degraded to form catabolites. This breakdown of fish 
tissue affects flavor, texture and appearance of fish. Delbarre-Ladrat and others (2006) 
also reported that at the beginning of the phase, the off-flavor may be slightly sour, fruity 
and slightly bitter, especially in fatty fish, but during the later stages, the sickly sweet, 
cabbage-like, ammonical, sulfurous, and rancid odors develop, and then the fish can be 
characterized as spoiled and putrid.   
Sensory raw texture of catfish fillets was not affected (P>0.05) by phosphate 
treatments at each storage time, with the exception of STP which was firmer (P<0.05) 
than the control on day 11 (Fig. 4.3). The sensory texture was unacceptable at day 11 of 
storage as indicated by the texture score (>5.0 cm). Kilinc and others (2009) reported that 
texture parameters are changed by enzymatic and chemical reactions that lead to 
softening, changes in elasticity, or development of toughness under certain conditions. 
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During the later stages, the texture becomes either soft and watery or tough and dry. 
However, stiffening of the fish (rigor mortis) and subsequent softening are caused by 
autolysis (Delbarre-Ladrat and others 2006). 
 
4.4 Conclusions 
It is apparent from this research that all phosphate treatments improved the quality 
of tray-packed, refrigerated catfish fillets that were enhanced through multi-needle 
injection. However, AGSP, which contained variable chain lengths and a high pH, 
increased fillet pH, optimized yield and improved color through decreasing lightness and 
yellowness. Further studies observing this agglomerated phosphate blend in catfish fillets 
with the intent to optimize salt concentration and antimicrobial use are warranted to 
















































































Figure 4.2  Effect of phosphate type on the raw odor of injected catfish fillets at each 
storage time at 4
o
C by sensory evaluation (0 = very fresh, 10 = very spoiled, 
and values greater than 5 signify the end of shelf-life) 
 
abc
: means for each phosphate blend at each storage time at 4
o
C followed by a different 
letter differ (P<0.05) 
Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = agglomerated 
blend of sodium phosphates, AGPP = agglomerated blend of poly-and pyrophosphates, 
AGP = agglomerated blend of polyphosphates, AGPSP = agglomerated blend of 














































































Figure 4.3  Effect of phosphate type on the raw texture of injected catfish fillets at each 
storage time at 4
o
C by sensory evaluation (0 = very firm, 10 = very soft, and 
values greater than 5 signify the end of shelf-life) 
 
abc
: means for each phosphate blend at each storage time at 4
o
C followed by a different letter 
differ (P<0.05) 
Control = no phosphate and salt, STP = sodium tripolyphosphate, AGSP = agglomerated blend of 
sodium phosphates, AGPP = agglomerated blend of poly-and pyrophosphates, AGP = 
agglomerated blend of polyphosphates, AGPSP = agglomerated blend of potassium and sodium 






POTASSIUM ACETATE AND POTASSIUM LACTATE ENHANCE THE 
MICROBIOLOGICAL AND PHYSICAL PROPERTIES OF  
VACUUM-TUMBLED CATFISH FILLETS 
 
5.1 Introduction 
Extending the shelf-life of refrigerated catfish fillets would expand the 
distribution range, reduce shrink and increase the value of the product. The safety and 
shelf-life of refrigerated fish products have previously been enhanced by preventing 
microbial growth and lipid oxidation through the use of antimicrobials and antioxidants 
(Kim and others 1995; Sallam 2007; Kilinc and others 2009). During storage, the quality 
of fresh seafood degrades due to a complex process where physical, chemical and 
microbiological reactions lead to product deterioration. Enzymatic and chemical reactions 
are primarily responsible for the initial loss of freshness whereas microbial growth is 
generally responsible for spoilage, and the end of shelf-life (Sallam 2007). 
Psychrotrophic bacteria are the major group of microorganisms that are responsible for 
the spoilage of refrigerated seafood. Growth of the spoilage bacteria in fresh seafood 
causes quality deterioration, spoilage, economic loss and decreased consumer acceptance 
(Kim and others 1995; Zhuang and others 1996).  
Sodium salts such as lactate and acetate can be used to inhibit the growth of 
spoilage bacteria and food-borne pathogens, and thereby prolong the shelf-life of 
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refrigerated seafood.  Previous studies indicated that these organic acid salts have the 
ability to control microbial growth, improve sensory attributes, and extend the shelf-life 
of various food products such as beef, pork, poultry and fish meat (Mendonca and others 
1989; Zhuang and others 1996; Sallam 2007; Kilinc and others 2009). Zhuang and others 
(1996) concluded that catfish fillets treated with 2% sodium acetate had the potential to 
extend the shelf-life of refrigerated catfish fillets by 3 days while 2% sodium lactate had 
little effect on microbial growth when compared to untreated catfish fillets. In addition, 
Kim and Hearnsberger (1994) reported that acetates inhibited the growth of gram-
negative bacteria on catfish fillets at 4
o
C. Sodium lactate has been reported to retard 
microbial growth, and stabilize color and odor characteristics in skinned catfish fillets 
(Williams and Rodrick 1992). The antimicrobial effect of lactates may be due to 
decreased water activity (Chirife and Fontan 1980) and the increased permeability of 
cellular membranes to lactate ions at higher pHs (DeWitt and Rombouts 1990; Shelef 
1994). However, Carpenter and Broadbent (2009) stated that the inhibitory effects of 
weak acids cannot be attributed to their pH alone. These researchers reported that organic 
acids and organic acid salts can also exert effects on membrane function. The high levels 
of weak acid anions that accumulate in the cytoplasm can have osmotic effects on the cell 
and on metabolic processes that occur within the cytoplasm. One model suggests that 
perturbation of membrane function may be the primary cause of growth inhibition by 
weak acid salts (Ricke 2003; Hirshfield and others 2003) while other models suggest that 
growth inhibition might result from the accumulation of inhibitory levels of the weak 
acid anion within the cytoplasm of the cell (Roe and others 2002; Hirshfield and others 
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2003). It has also been demonstrated that a large pH difference between the intracellular 
and extracellular environment of bacteria cells leads to greater inhibition by weak acid 
anions such as lactic acid (Pieterse and others 2005). In addition, a sufficient extracellular 
anion concentration is necessary to maximize antimicrobial effectiveness since the 
presence of extracellular anions leads to the intracellular accumulation of anions (Romick 
and Fleming 1998).   
Although extensive research has been carried out to evaluate antimicrobial effects 
of organic acid salts on poultry, meat, and fish, minimal information is available 
regarding the effects of potassium salts (acetate and lactate) with an agglomerated 
phosphate blend on the quality and shelf-life of refrigerated catfish fillets. In order to 
extend the shelf-life of refrigerated seafood at the retail level, the present study was 
designed to determine the combined effects of potassium acetate (PA) and/or lactate (PL) 
that are commercially available, in conjunction with an agglomerated phosphate blend 
(AGSP), on the quality attributes and shelf-life of refrigerated catfish fillets. 
 
5.2 Materials and Methods 
 
 
5.2.1 Sample Preparation and Marination 
Catfish fillets, channel (Ictalurus punctatus) and/or hybrid (channel*blue) (I. 
punctatus * I. furcatus) were obtained from a commercial catfish processing plant 
(Macon, MS) posterior to chilling, stored on ice in a cooler, and processed within 3 h. For 
each treatment, five kg of fillets (average weight 113 g per fillet) were placed in a 
vacuum tumbler (Lyco Model 40, Columbus, Wisconsin) and marinated with a brine 
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solution that was formulated for a 10% pick-up over raw green weight (raw weight). The 





Grade Salt Morton International Inc., Chicago, IL), 0.45% phosphate (agglomerated 
sodium phosphate blend (AGSP); BRIFISOL
®
550; BK Giulini Corp., Simi Valley, CA), 
and variable percentages of potassium acetate (PA) and potassium lactate (PL) (Hawkins, 
Minneapolis, MN) in the different product treatments (Table 5.1). The fillets were then 
vacuum-tumbled (4°C, 20 mm Hg, 5 min, 20 rpm). 
 
Table 5.1  Percentage of salt, phosphate and potassium acetate and potassium lactate 












Negative Control - - - - - 
Positive Control 0.5 0.45 - - - 





















 550; BK Giulini Corp., Simi Valley, CA 
2
 Ultra-Pure PA, Hawkins, Minneapolis, MN 
3
 Ultra-Pure PL-85, Hawkins, Minneapolis, MN 
4
 Ultra Pure Bestate-P, Hawkins, Minneapolis, MN 
5
 Ultra Pure Bestate-P4218, Hawkins, Minneapolis, MN 
 
 
After tumbling, the fillets were removed from the tumbler, and protein exudate 
was removed from the surface of the fillets by hand and weighed within the tumbler. The 
marinated fillets were then reweighed to determine the amount of marinade that was 
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retained in the product after tumbling. The marinated fillets were placed on polyethylene 
trays (PLS3-100Y, Cryovac
®
, Duncan, SC), overwrapped with stretch film (SD-310, O2 
transmission rate (OTR) = 13,500 cc/day/m
2





, Duncan, SC), and stored at 4°C for either 0, 1, 3, 7, 10, or 14 days. 
Descriptive sensory analysis of raw catfish fillets was conducted after 3, 7, 10 and 14 
days of storage, and microbiological analysis was conducted after  0, 3, 7, 10 and 14 days 
of storage.  Purge loss, pH, surface color, cooking loss and tenderness were evaluated 
after day 1 of storage. In a separate experiment, descriptive sensory analysis and 
consumer acceptability panels of deep-fried, breaded (item #: B5APV2, Newly Weds 
Foods, Horn Lake, MS) catfish fillets were conducted after the raw catfish fillets had 
been stored for 2 and 3 days under refrigerated storage conditions. 
 
5.2.2 Solution Pick-up and Protein Exudate 
Protein exudate and solution pick-up were determined using methods previously 
reported by Kin and others (2009, 2010). The difference in weight between the empty 
tumbler and the tumbler with exudates was reported as the amount of protein exudate due 
to tumbling for each treatment. Solution pick-up was calculated as 






and reported as a percentage. 
 
5.2.3 Purge Loss 
Three fillets (n=9) for each treatment were individually vacuum packaged 
(Turbovac 320-ST-S, HFE Vacuum System, Hertogenbosch, Netherlands) in a vacuum 
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super L bag (Cryovac
®
, Duncan, SC) and stored (4
o
C) for 3 d. After storage, the catfish 
fillets were removed from the bag and excessive surface moisture was removed with one 
paper towel. Each sample was reweighed and purge loss was calculated as a percentage: 








5.2.4 Cooking Loss 
The cooking method used in this experiment was previously described by Kin and 
others (2009, 2010). Cooking loss (4 fillets per treatment; n=12) was calculated as a 
percentage: 
 








5.2.5 pH Measurement 
At 24 h postmortem, a pH meter (Model Accumet 61a, Fisher Scientific, 
Hampton, NH) with a meat penetrating pH probe (Model FlexipHet SS Penetration tip, 
Cole Palmer, Vernon Hills, IL) was inserted directly into the muscle at approximately the 
center of each catfish fillet (4 fillets per treatment; n=12) for each treatment. 
 
5.2.6 Instrumental Color 
Instrumental color measurements were taken at the same three locations on the 
surface of each fillet (4 fillets per treatment; n=12) using a chroma meter (Chromameter 
Model CR-400, Minolta Camera Co., Ltd., Osaka, Japan Serial No C8202489) that was 





Tenderness was assessed using an Instron Universal Testing Center (Model 3300, 
Instron, Norwood, MA) that was equipped with a Kramer shear compression cell (CS-2) 
set at a chart and crosshead speed of 100mm/min (Marroquin and others 2004).  For each 
test, a 25 g square piece from the center of the cooked fillet (4 fillets per treatment; n=12) 
was placed in the Kramer cell and sheared once. Shear force (N/g) was reported as the 
highest peak in the texturegram and total energy (J/g) as the area under the texturegram 
(Marroquin and others 2004). 
 
5.2.8 Psychrotrophic Plate Counts (PPC) and Lactic Acid Bacteria (LAB) 
Microbiological analysis was conducted after 0, 3, 7, 10 and 14 days of storage. A 
25 g center portion of each fillet (3 fillets per treatment; n=9) was aseptically cut into 
small pieces and homogenized with 225 ml of 0.1% sterilized peptone solution for 1 min 
in a Stomacher 400 Laboratory Blender (A. J. Seward and Co. Ltd., London, England).  
Dilutions were made by serially placing 1 ml of the homogenate into dilution tubes with 
9 ml of 0.1% sterilized peptone solution. For PPC, samples were plated on Aerobic Count 
PetrifilmTM (3M Co., St. Paul, MN) that was incubated at 20
o
C for 72 h (Dormedy and 
others 2000; Marroquin and others 2004). For LAB, MRS broth was prepared by adding 
110 grams of MRS (Difco) to 1 liter of water. A 1 ml aliquot (0.5 mL of the sample from 
serial dilutions and 0.5 mL of the prepared MRS broth) was plated on Aerobic Count 
PetrifilmTM (3M Co., St. Paul, MN) that was incubated in an anaerobic chamber at 35
o
C 
for 48 h. Plates with 25-300 colonies were counted and the average values were 
calculated for each treatment within each replication. 
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5.2.9 Descriptive Sensory Analysis of Raw Catfish Fillets 
Catfish fillets (n=3) were randomly selected from packaged trays, coded with 
random numbers, and placed on disposable paper plates for texture evaluation at 3, 7, 10 
and 14 days of storage. Three replications of sensory descriptive analysis were conducted 
and two fillets were evaluated by each panelist for each treatment (within each 
replication). Additional fillets (n=3) were randomly selected, cut into 2 pieces (2.5 cm
3
) 
and placed into 2 oz. plastic containers for spoiled odor evaluation. Three replications 
were conducted and 2 samples for each treatment were evaluated by each panelist. 
Using trained panelists with greater than 100 hours of experience pertaining to the 
evaluation of meat products and a 15-centimeter scale, a 9-member panel evaluated raw 
catfish fillets for raw odor, appearance, and texture (Garner 2002). Training sessions 
were conducted to calibrate a 9-member panel with prior muscle food sensory evaluation 
experience so that they were familiar with the intensity of spoilage of raw catfish fillets. 
The panelists participated in training sessions which totaled approximately 20 hours with 
a minimum of 3 hours for each catfish sample. With a 15-centimeter horizontal line scale, 
the panelists placed a mark on the scale to represent the perceived intensity of odor (off-
odor and spoilage odor), appearance, and texture. The 15-cm line was marked “none” at 
the left-hand end and “extremely strong” for off-odor evaluation or “extremely spoiled” 
for spoilage evaluation at the right-hand end. Values greater than 7.5 signified the end of 
shelf-life. Fishy, hydrogen sulfide, ammonia or putrid odors were considered indicators 
of spoilage. For appearance evaluation, the 15-cm line was marked “none” on the left-
hand side (0 cm), and “extremely opaque”, “extremely glossy” or “extremely slimy” on 
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the right-hand side (15 cm). For texture evaluation, the 15-cm line was marked 
“extremely firm” on the left-hand side and “extremely soft” on the right-hand side.  
 
5.2.10 Descriptive Sensory Analysis of Fried Catfish Fillets 
PA and PL combination treatments and the controls were selected for descriptive 
and consumer acceptability analysis based on the effectiveness of antimicrobial 
treatments at extending the shelf-life of the raw products. After 2 days of refrigerated 
storage, the fish fillets were cut into pieces (2.5 cm x 2.5 cm) and breaded (item #: 
B5APV2, Newly Weds Foods, Horn Lake, MS). The fillet pieces were then prepared in a 
4 L Cool Zone Deep Fryer (Oster Corp, Boca Raton, FL) at 174
o
C for 3 min. The four 
fried catfish treatments were assessed by a panel of 6 members with prior muscle food 
sensory evaluation experience. The panelists participated in training sessions which 
totaled approximately 8 hours with fried catfish fillets.  A total of 3 replications were 
performed where four fried catfish treatments were evaluated in each replication. 
Panelists received one piece of each treatment (within each replication). The descriptors 
were rated using a 15-point intensity line scale where 0=not detected and 15=extremely 
strong with respect to basic tastes such as sweet, salty, sour or bitter and off-flavor. For 
hardness evaluation, the 15-cm line was marked “mushy” on the right hand side (0 cm), 
“firm” on the middle (7.5 cm) and “tough” on the right hand side (15 cm).  
 
5.2.11 Consumer Acceptability of Fried Catfish Fillets 
Three replications of consumer acceptability testing were conducted (n=60 per 
replication). Panelists were recruited from faculty, staff and students at Mississippi State 
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University. Panelists evaluated four fried catfish treatment samples (prepared as listed in 
the descriptive analysis section) under red lighting, in a well ventilated and temperature 
controlled room. Each panelist received 1 piece (2.5 cm x 2.5 cm) of each treatment in 2-
oz. plastic containers that were labeled with three-digit random numbers. The 
presentation order of the 4 samples was randomized for each panelist to account for bias.  
Panelists were provided with water, unsalted crackers, and expectorant cups to remove 
residual flavors in between sample evaluations.  Panelists were asked to evaluate each 
catfish sample based on overall acceptability and the acceptability of odor, appearance, 
flavor and texture using a 9-point hedonic scale. The scale used was as follows: 1-Dislike 
extremely, 2-Dislike very much, 3-Dislike moderately, 4-Dislike slightly, 5-Neither like 
nor dislike, 6-Like slightly, 7-Like moderately, 8-Like very much and 9-Like extremely 
(Meilgaard and others 2007). 
 
5.2.12 Statistical Analysis 
A randomized complete block design with 3 replications was used to determine if 
differences existed (P<0.05) among treatments with respect to protein exudate, solution 
pick-up, pH, surface color, purge loss, cooking loss, tenderness and consumer 
acceptability. A randomized complete block design with a factorial arrangement was 
utilized to determine if differences existed (P<0.05) among treatments, time (0,3,7,10, 14 
days), and treatment*time interaction (SAS Version 9.2, Cary, NC) for psychrotrophic 
plate counts, and trained descriptive sensory evaluations of both raw and fried catfish 
fillets. Fisher’s Protected Least Significant Difference (LSD) test was utilized to separate 
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main effect treatment means (P<0.05) when significant differences occurred among 
treatments (SAS Version 9.2, Cary, NC).  
Agglomerative hierarchical clustering using Wards Method (XL Stat 2006) was 
performed to group panelist observations together based on their preference and liking of 
catfish fillet treatments. Standardized hedonic data was used in the cluster analysis 
procedure. The number of consumer groups was selected using a dissimilarity plot and 
dendrogram as an indicator of the appropriate number of clusters. After separating the 
data into clusters, the entire data set was evaluated to confirm that the data for each 
observation was relatively close to the means of the treatments that were within the 
cluster that they were grouped into. After conducting agglomerative hierarchical 
clustering, randomized complete block designs were performed within each cluster that 
contained 20 or more observations, and Fishers Protected Least Significant Difference 
(LSD) test was utilized to separate treatment means within a cluster when significant 
differences (P<0.05) occurred. 
 
5.3 Results and Discussion 
 
 
5.3.1 Solution Pick-up and Protein Exudate 
No differences existed (P>0.05) in marinade pick-up percentage (7.4-8.3%) 
between AGSP alone (positive control) and AGSP combined with PA and/or PL (Table 
5.2). This indicates that the addition of potassium acetate and/or potassium lactate did not 
affect the ability of the catfish fillets to pick-up marinade in a vacuum tumbling system. 
These results are similar to those reported by Williams and Phillips (1998), who studied 
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the effect of sodium lactate on the sensory and objective characteristics of tray-packed 
chicken breast meat that were marinated in a vacuum-tumbling system. These researchers 
reported that water-holding capacity was mainly dependent upon pH. A sodium lactate 
solution adjusted to a pH of 5.2 with lactic acid could result in decreased water-holding 
capacity due to slight to moderate denaturation of surface proteins. In the current study, 
pH values of all treatments were similar (Table 5.2) which indicates similar marinade 
pick-up of the catfish fillets. No differences existed (P>0.05) in protein exudate (0.8-
1.6%) among all treatments (data not shown), thus revealing that lactate and acetate did 
not increase protein extraction of the catfish. Kin and others (2009) previously reported 
that AGSP minimizes protein exudation in vacuum tumbling systems since it does not 
contain pyrophosphate, which is known to be the most optimal form of phosphate for 
extracting protein to the meat surface (Xiong 1998). This makes AGSP optimal for use in 
vacuum tumbling systems when compared to other agglomerated phosphate blends.   
 
5.3.2 Purge Loss 
No differences existed (P>0.05) among treatments with regards to purge loss 
(Table 5.2). However, purge loss for individual catfish fillets within the control and 
treated samples were in the range of 2.5 and 4.3%.  Kin and others (2009) reported that 
the use of AGSP decreased purge loss in catfish fillets when compared to the control 
(untreated) when the fillets were treated through vacuum tumbling with a marinade 
solution at 15% pick-up over green weight, but when the fillets were treated through 
multi-needle injection, no differences existed between AGSP and the controls with 
regards to purge loss (Kin and others 2010). Purge loss may not have differed in the 
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current study due to lower enhancement concentrations (10%) and lower pH values of the 
catfish fillets when compared to Kin and others (2009). 
 
5.3.3 Cooking Loss 
AGSP, PA and/or PL in combination increased (P<0.05) cooking loss when 
compared to AGSP (positive control) alone with the exception of the 0.25% PA treatment 
(Table 5.2). In addition, no differences existed (P>0.05) between AGSP (positive control) 
alone and the negative control (untreated) with regards to cooking loss. The higher 
cooking loss in the treatments with PA and PL might be partially attributed to a slight to 
moderate denaturation of surface proteins during treatment application. This denaturation 
would result in decreased water-holding capacity in the proteins, and subsequent 
increases in cooking loss (Williams and Phillips 1998).  All treatments increased 
(P<0.05) yields, based on green weight, when compared to the negative control 
(untreated), but AGSP alone had greater yields (P<0.05) than the 1.5% PL and PA/PL 
combination treatments (Table 5.2).  
 
5.3.4 pH Analysis 
No differences existed (P>0.05) in pH values among all treatments (Table 5.2). 
This was unexpected since Kin and others (2009, 2010) reported that catfish fillets treated 
with AGSP, an alkaline phosphate blend, had greater pH values than control (untreated) 
samples. The lack of differences (P>0.05) between the positive control and the samples 
that were treated with PA and PL was expected since previous studies indicate that the 
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use of sodium acetate and sodium lactate did not affect the pH of catfish fillets (Zhuang 
and others 1996) and rainbow trout (Kilinc and others 2009).  
 
Table 5.2  Yields (Pick-up, cook loss, yield based on green weight) and pH of vacuum- 
tumbled catfish fillets that were enhanced with an agglomerated blend of 

















































S.E. 0.16 0.33 0.55   0.55 0.04 
 
abc
: Means with the same letter within each column are not significantly different (P<0.05) 
1
: NA = Not applicable because the control treatment was not marinated 
2
: Negative Control = no phosphate and salt, Positive Control = 0.45% phosphate and 
0.5% salt, 0.25%PA = 0.25% potassium acetate plus phosphate and salt, 1.5%PL = 1.5% 
potassium lactate plus phosphate and salt, 0.25%PA+0.125%PL = 0.25% potassium 
acetate and 0.125% potassium lactate plus phosphate and salt, 0.25%PA+0.58%PL = 
0.25% potassium acetate and 0.58% potassium lactate plus phosphate and salt 
3
 Green weight is the weight of raw catfish fillets prior to marination. 
 
5.3.5 Instrumental Color 
Inclusion of AGSP or AGSP with organic acid treatments (PA, PL, PA and PL 
combinations) decreased (P<0.05) CIE L
*
 and CIE b* values but increased (P<0.05) CIE 
a
*
 values when compared to the negative control treatment (untreated) (Table 5.3). In 
addition, 1.5%PL had lower (P<0.05) CIE L* values than all treatments. Kin and others 
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(2009) reported that AGSP did not affect CIE L* and a* values, but decreased CIE b* 
values when the fillets were treated through similar vacuum tumbling method. Results 
may have differed in the current study since the catfish fillets used in this study were 
much paler than in the referenced study, primarily due to a lower pH.  Previous studies 
reported that L* values of beef decreased with the addition of sodium lactate (Maca and 
others 1999) and potassium lactate (Mancini and others 2005). However, similarly to our 
study, Zhuang and others (1996) reported that Hunter color L, a or b values of control 




AGSP (positive control) alone and in combination with 0.25%PA+0.125%PL had 
a lower (P<0.05) shear force when compared to the control (untreated) (Table 5.3). No 
other differences existed (P>0.05) in shear force among treatments. In addition, catfish 
fillets from the AGSP and antimicrobial treatment combinations had lower (P<0.05) total 
energy values than the negative control (untreated) catfish fillet treatment. Previous 
studies reported that AGSP decreased shear force and total energy when compared to an 
untreated control (Kin and others 2009, 2010). Results from the referenced studies had 
lower shear force values than the current study which may have been due to higher pH, a 
higher percentage of added water and increased water-holding capacity.  Hayes and 
others (2006) previously reported that the enhancement of pork loin with salt, sodium 




Table 5.3  Surface color, shear force and total energy values of vacuum-tumbled 
catfish fillets that were enhanced with an agglomerated blend of sodium 































Positive Control  52.2
bc





















































S.E. 0.18 0.08 0.25 0.54 0.01 
 
abc
: Means with the same letter within each column are not significantly different (P<0.05) 
1
: Shear force (N/g) = Maximum peak force required to shear through the sample 
2
: Total energy (J/g) = Area under the curve required to shear through the sample 
3
: Negative Control = no phosphate and salt, Positive Control = 0.45% phosphate and 
0.5% salt, 0.25%PA = 0.25% potassium acetate plus phosphate and salt, 1.5%PL = 1.5% 
potassium lactate plus phosphate and salt, 0.25%PA+0.125%PL = 0.25% potassium 
acetate and 0.125% potassium lactate plus phosphate and salt, 0.25%PA+0.58%PL = 
0.25% potassium acetate and 0.58% potassium lactate plus phosphate and salt 
 
 
5.3.7 Psychrotrophic Plate Counts (PPC) and Lactic Acid Bacteria (LAB) 
The PPC of refrigerated (4
o
C) catfish fillets were not affected by AGSP (positive 
control) at each storage time (Fig. 5.1) when compared to the untreated treatment 
(negative control), with the exception of day 3, where the positive control treatment had a 
lower log CFU/g than the negative control treatment. All fillets treated with potassium 
acetate and/or lactate had significantly lower (P<0.05) PPC than the negative control after 
7, 10 and 14 days of storage.  In addition, 0.25% PA+0.58PL had the lowest PPC 
(P<0.05) on days 10 and 14 when compared to all other treatments. Spoilage of channel 
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catfish has been reported to occur when PPC surpasses 7 log CFU/g (Martin and 
Hearnsberger 1993; Silva and others 1995). Therefore, the shelf-life of catfish fillets 
treated with 0.25%PA+0.125%PL or 0.25%PA+0.58%PL was extended to 10 to 14 days, 
while the shelf-life of catfish fillets from other treatments was limited to 7 to 10 days. 
However, increased PPC may also be the result of lactic acid bacteria growth which 
indicates that the fish may not be spoiled when PPC reaches 7 log CFU/g (Silva and 
White 1994; Silva and others 1993). These researchers reported that spoilage occurs at 8 
log CFU/g when LAB are the predominant microflora in a seafood product. The results 
from the current study showed that LAB counts increased from 3 log CFU/g at 0 days of 
storage to 6 log CFU/g after 14 days of storage (data not shown). This explains why 
samples that were treated with a combination of PA and PL did not appear spoiled based 
on sensory off-odor and odor spoilage (Fig. 5.2 and 5.3). Previous studies reported that 
catfish fillets treated with 2% sodium acetate had lower populations of psychrotrophic 
bacteria and that shelf-life could be extended by 3 days when compared with untreated 
catfish fillets (Zhuang and others 1996). Williams and others (1995) pointed out that 
treatment of fresh catfish fillets with sodium lactate (1% or 2% by tumbling) resulted in 
an initial significant reduction in psychrotrophic bacterial counts when compared to the 
control and the shelf life of the fillets treated with 2% sodium lactate was extended from 
4 to 7 days. The results from the current study indicate that a combination of PA (0.25 %) 
and PL (0.58%) extends the microbiological shelf life of refrigerated catfish fillets up to a 
total storage time of 10 to 14 days by minimizing bacterial counts (P<0.05) in 



























































Figure 5.1  Effect of phosphate blend, potassium acetate and/or potassium lactate on 
psychrotrophic bacterial counts of vacuum-tumbled catfish fillets at each 





: means for each treatment at each storage time at 4
o
C followed by a different letter 
differ (P<0.05) 
Negative Control=no phosphate and salt, Positive Control=0.45% phosphate and 0.5% 
salt, 0.25%PA=0.25% potassium acetate plus phosphate and salt, 1.5%PL=1.5% 
potassium lactate plus phosphate and salt, 0.25%PA+0.125%PL=0.25% potassium 
acetate and 0.125% potassium lactate plus phosphate and salt, 0.25%PA+0.58%PL= 
0.25% potassium acetate and 0.58% potassium lactate plus phosphate and salt 
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5.3.8 Descriptive Sensory Analysis of Raw Catfish Fillets 
Undesirable odors such as chemicals, blue-green algae, or decay were indicative 
of off-odors. No differences (P>0.05) existed among the treated and untreated samples 
with regard to fillet off-odor after 3 and 7 days of storage, but treated fillets had lower 
(P<0.05) off-odor scores than the negative control (untreated) after 10 and 14 days of 
storage (Fig. 5.2). In addition, 0.25%PA+0.58%PL had the lowest (P<0.05) off-odor 
score on day 14 when compared to all other treatments but 0.25%PA+0.125%PL. Thus, 
the catfish fillets treated with 0.25%PA+0.58%PL was the only treatment that was not 
deemed past shelf-life based on raw odor evaluation after 14 days of storage.  
Objectionable odors, including fishy, hydrogen sulfide, ammonia, sour and putrid 
were indicative of spoilage. Kin and others (2009) reported that AGSP did not affect the 
spoilage odor of catfish fillets at each storage time when the fillets were treated through a 
vacuum-tumbling system, but decreased the spoilage odor scores on day 11 when the 
fillets were treated through multi-needle injection (Kin and others 2010).  In the current 
study, no differences (P>0.05) existed among the treated and untreated samples with 
regard to spoilage odor on days 3 and 7, but the fillets treated with PA and/or PL had less 
intense (P<0.05) spoilage odor scores than the controls after 10 and 14 days of storage, 
and 0.25%PA+0.58%PL had the lowest spoilage odor on day 14 (Fig. 5.3).  
An increase in spoilage odor of raw catfish fillets that were treated with PA and 
PL could be noted by day 14, while spoilage odor of the negative control surpassed the 







































































Figure 5.2  Effect of phosphate blend, potassium acetate and/or potassium lactate on 
raw off-odor of vacuum-tumbled catfish fillets at each storage time at 4
o
C 




: means for each treatment at each storage time at 4
o
C followed by a different letter 
differ (P<0.05) 
Negative Control=no phosphate and salt, Positive Control=0.45% phosphate and 0.5% 
salt, 0.25%PA=0.25% potassium acetate plus phosphate and salt, 1.5%PL=1.5% 
potassium lactate plus phosphate and salt, 0.25%PA+0.125%PL=0.25% potassium 
acetate and 0.125% potassium lactate plus phosphate and salt, 0.25%PA+0.58%PL= 










































































Figure 5.3  Effect of phosphate blend, potassium acetate and/or potassium lactate on 
raw spoilage odor of vacuum-tumbled catfish fillets at each storage time at 
4
o
C by sensory evaluation (values greater than 7.5 signify unacceptable raw odor) 
 
abc
: means for each treatment at each storage time at 4
o
C followed by a different letter differ 
(P<0.05) 
Notes: Negative Control=no phosphate and salt, Positive Control=0.45% phosphate and 0.5% 
salt, 0.25%PA=0.25% potassium acetate plus phosphate and salt, 1.5%PL=1.5% potassium 
lactate plus phosphate and salt, 0.25%PA+0.125%PL=0.25% potassium acetate and 0.125% 
potassium lactate plus phosphate and salt, 0.25%PA+0.58%PL= 0.25% potassium acetate and 
0.58% potassium lactate plus phosphate and salt 
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Delbarre-Ladrat and others (2006) reported that supply of oxygen and energy 
ceases after death of the fish and instead a new sequence begins where glycogen is 
broken down and energy-rich compounds like adenosine triphosphate (ATP) are 
degraded to form catabolites. This breakdown of fish tissue affects flavor, texture and 
appearance. Delbarre-Ladrat and others (2006) also reported that at the beginning of the 
phase, the off-flavor may be slightly sour, fruity and slightly bitter, especially in fatty 
fish, but during the later stages, sickly sweet, cabbage-like, ammonical, sulphurous, and 
rancid odors develop, and then the fish can be characterized as spoiled and putrid. 
 
5.3.9 Descriptive Sensory Analysis of Fried Catfish Fillets 
Potassium acetate and potassium lactate combination treatments were selected for 
descriptive and consumer acceptability analyses based on their ability to prevent spoilage 
odor and decrease bacterial counts when compared to the negative and positive control 
treatments. The four catfish treatments were described and differentiated by a trained 
descriptive panel using basic taste descriptors (sweet, salty, bitter and sour) with off-
flavor and texture descriptors. No differences existed (P>0.05) in sour, bitter, texture and 
off-flavor of all catfish fillets, but the catfish fillets from the negative control were less 
salty (P<0.05) than the positive control and PA/PL treated catfish fillets and the fillets 
treated with AGSP combined with PA and PL had a higher (P<0.05) sweetness intensity 
than the untreated catfish fillets (data not shown). The mean intensity values of the 
sensory descriptors for the catfish fillets ranged from 2.2 to 3.9 for saltiness and from 1.7 
to 2.4 for sweetness on a 15-point scale. On average, panelists described the texture of all 
 
 113 
catfish fillets between ‘mushy’ and ‘firm’ and other sensory descriptors (bitter and sour) 
as being present but having very low intensities. 
 
5.3.10 Consumer Acceptability of Fried Catfish Fillets 
No differences (P>0.05) existed in odor and texture acceptability of all catfish 
fillets, but differences existed (P<0.05) in appearance, flavor and overall acceptability 
between treated and untreated catfish fillets (Table 5.4). On average, all scores ranged 
between ‘like moderately’ and ‘like very much’ for all treatments with respect to odor, 
appearance, flavor, texture, and overall acceptability, but consumers preferred (P<0.05) 
catfish fillets from the positive control and the PA/PL treatments over the non-marinated, 
negative control with respect to appearance, flavor and overall acceptability. 
 
Table 5.4  Mean scores
1
 for overall consumer acceptability (n=180) of fried catfish 
fillets that were enhanced with an agglomerated blend of sodium phosphates 




 Odor Appearance Flavor Texture 
Overall 
Acceptability 




























S.E. 0.0 0.1 0.1 0.1 0.1 
 
abc
: Means with the same letter within each column are not significantly different (P<0.05) 
1
: Scores were based on a 9-point hedonic scale (1=dislike extremely, 5=neither like nor 
dislike, 9=like extremely) 
2
: Negative Control=no phosphate and salt, Positive Control=0.45% phosphate and 0.5% 
salt, 0.25%PA+0.125%PL=0.25% potassium acetate and 0.125% potassium lactate plus 
phosphate and salt, 0.25%PA+0.58%PL=0.25% potassium acetate and 0.58% potassium 




Agglomerative hierarchical clustering (AHC) was performed to further elucidate 
the panelists’ attitude toward the catfish fillets. The dendrogram and dissimilarity plot 
generated by the AHC analysis indicated the presence of five clusters based on their 
liking and preference of catfish fillets. Cluster 1 (37% of the panelist observations) 
ranged from ‘like very much’ to ‘like extremely’ in their rating of catfish fillets, but 
preferred (P<0.05) the 0.25%PA+0.125%PL-treated and untreated (negative control) 
catfish fillets over the 0.25 % PA+0.58%PL treatment (Table 5.5). Cluster 2 (13% of the 
panelist observations) ranged from “neither like nor dislike” to “like moderately” in their 
liking of catfish fillets. 
 
Table 5.5  Mean scores
1
 for overall consumer acceptability (n=180) of fried catfish 
fillets that were enhanced with an agglomerated blend of sodium phosphates 
and variable percentages of potassium acetate and potassium lactate 






 (n) Negative Control Positive Control 0.25%PA+0.125%PL 0.25%PA+0.58%PL 



























4 9 (5.0%) 4.8   4.8 3.7 5.8
 
 











: Means with the same letter within each row are not significantly different (P<0.05) 
1
: Scores were based on a 9-point hedonic scale (1=dislike extremely, 5=neither like nor 
dislike, 9=like extremely) 
2
: Negative Control = no phosphate and salt, Positive Control = 0.45% phosphate and 
0.5% salt, 0.25%PA+0.125%PL = 0.25% potassium acetate and 0.125% potassium 
lactate plus phosphate and salt, 0.25%PA+0.58%PL = 0.25% potassium acetate and 




This group did not like the 0.25%PA+0.58%PL treatment, which may have been 
due to the increases in sweetness in these samples that were perceived by the descriptive 
panel. Cluster 3, which included 28% of the consumers, ranged from ‘like moderately’ to 
‘like extremely’. This group preferred (P<0.05) the AGSP treatment over all other 
treatments, probably due to increases in tenderness and saltiness in the sample as well as 
lower sweetness scores in comparison the PA and PL samples. This group also preferred 
the PA and PL treatments over the negative control, which may have been due to an 
increase in tenderness and saltiness.  Cluster 4 (5% of the panelist observations) did not 
like catfish. Cluster 5 (17% of the panelist observations) preferred 0.25%PA+0.125%PL 
and 0.25%PA+0.58%PL treatments over other treatments with mean scores ranging from 
7.3-7.7 on a 9-point hedonic scale. This group may have preferred the slight increases in 
sweetness in these samples when compared to other samples. 
 
5.4 Conclusions 
It is apparent from this research that catfish fillets that were marinated with salt, 
an agglomerated phosphate blend, and a combination of PA and PL and lactate inhibited 
the growth of psychrotrophic bacteria on refrigerated catfish fillets with PA and PL 
combinations maximizing antimicrobial effects. Therefore, the use of AGSP combined 
with PA and PL extends the microbiological and sensory shelf-life of refrigerated catfish 






EFFECTS OF LIQUID AND WOOD SMOKING COMBINED WITH POTASSIUM 
LACTATE AND ACETATE ON THE QUALITY AND INHIBITION OF  
LISTERIA MONOCYTOGENES GROWTH IN READY-TO-EAT  
SMOKED CATFISH FILLETS 
 
6.1 Introduction 
Channel catfish (Ictalurus punctatus) is one of the most produced seafood 
commodities in the southeastern United States.  According to NASS Catfish Production 
data (2011a), catfish growers in the United States sold 403 million dollars of catfish in 2010, 
which was an increase of 8 percent from the 373 million dollars of sales from the previous year. 
To optimize the utilization of channel catfish, the development of value-added products 
should be taken into consideration. One potential alternative is to produce RTE channel 
catfish fillets that are smoked using either wood chips or liquid smoke condensates. Hot-




C. Smoked fish contains 
approximately 65-78% water, 2-8% water-phase salt, and 2-15 ppm phenol, and has a pH 
of 5.9-6.3 and a Aw of 0.95-0.98 (Hwang and others 2009). Al-Shuwaish (2000) reported 
that brined and hot-smoked catfish has improved flavor, and that the shelf-life is extended 




Meat smoking has been used for centuries as a preservative for various muscle 
food products. Smoke is a complex mixture of various chemical components, including 
phenolic and carbonyl compounds. Phenolic compounds possess antioxidant activity, and 
carboxylic acids and phenolic compounds exhibit antimicrobial activity (Benjakul and 
Aroonrueng 1999). Smoking also provides unique sensory features with a partial 
dehydration of fish tissue and alteration of the texture due to the influence of temperature 
and moisture content during smoking and the interaction among smoke compounds and 
food components (Benjakul and Aroonrueng 1999; Maga 1988).   
Smoked fish are normally stored under refrigeration conditions to prolong storage 
stability (Benjakul and Aroonrueng 1999), but L. monocytogenes is a pathogen of 
concern in refrigerated RTE smoked fish because it has the ability to grow at refrigeration 
temperatures. Hwang and others (2009) reported that the salt, moisture content, pH and 
the prevailing storage temperature of smoked fish were supportive for the growth of L. 
monocytogenes. This pathogen has been found in hot and cold smoked fish and grows 
well on hot smoked fish since competitive spoilage bacteria are destroyed during thermal 
processing, and L. monocytogenes are able to grow on smoked fish that are contaminated 
posterior to processing (Arritt and others 2008; Ingham and Lau 2003). Generally, L. 
monocytogenes contamination of smoked fish is the result of post-process contamination 
from the processing environment or the result of a thermal process that is incapable of 
destroying the pathogen (Palmer and others 2010; Hoffman and others 2003). Therefore, 
RTE smoked fish poses a particular concern to the food industry since smoked fish is 
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usually consumed without additional cooking or heating steps (Yoon and others 2004; 
Dillon and others 1992; Guyer and Jemmi 1991). 
Antimicrobial interventions are recommended in certain RTE seafood products 
due to survival of L. monocytogenes (Arritt and others 2008). In the United States, a zero-
tolerance policy is in place for L. monocytogenes in RTE food products (Palmer and 
others 2010; Klontz and others 2008). Therefore, preventive and control measures are 
needed to reduce the incidence of L. monocytogenes and to provide safe RTE food 
products to the consumer.  
Salt, sodium nitrite, smoke compounds and cold or hot smoke processing are not 
sufficient to inactivate L. monocytogenes on smoked fish (Yoon and others 2004). 
Antilisterial properties can be achieved by incorporating combinations of treatments or 
antimicrobials in the formulation. Sodium lactate, potassium lactate, sodium citrate, 
sodium lactate combined with sodium diacetate, and combinations of sodium lactate with 
potassium lactate and diacetate have been shown to have inhibitory effects against L. 
monocytogenes (Alvarado and McKee 2007). Crozier-Dodson and others (2005) reported 
that the combination of sodium lactate and sodium diacetate has shown synergistic effects 
against L. monocytogenes when it is utilized in ready-to-eat meat products. 
However, there is limited information on the effects of smoke (liquid smoke or 
hot smoking) and the combination of potassium lactate (PL) and potassium acetate (PA) 
on the growth of L. monocytogenes on RTE smoked catfish fillets. Therefore, the 
objective of this study was to evaluate the effects of liquid smoke and wood smoking 
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with a combination of PL and PA on the quality and inhibition of L. monocytogenes 
growth on RTE smoked catfish fillets. 
 
6.2 Materials and Methods 
 
 
6.2.1 Sample Preparation and Marination 
Catfish fillets, channel (Ictalurus punctatus) and/or hybrid (channel*blue) (I. 
punctatus * I. furcatus) were obtained from a commercial catfish processing plant 
(Macon, MS) immediately posterior to chilling. Fresh catfish fillets were stored on ice in 
a cooler and processed within 3 h. Four separate tumbling processes with or without 
antimicrobials and liquid smoke were assigned (Fig.6.1): (1) 15 kg of fillets were 
tumbled with a brine solution of salt and phosphate; (2) 15 kg of fillets were tumbled 
with a brine solution of salt, phosphate and a combination of potassium lactate and 
acetate; (3) 5 kg of fillets were tumbled with a brine solution of salt, phosphate and liquid 
smoke; and (4) 5 kg of fillets were tumbled with a brine solution of salt, phosphate, a 
combination of potassium lactate and acetate, and liquid smoke. For each tumbling 
process, the fillets (average weight 113 g per fillet) were placed in a vacuum tumbler 
(Lyco Model 40, Columbus, Wisconsin) and marinated with a brine solution that was 





 Food Grade Salt Morton International Inc., Chicago, IL), 0.45% 
phosphate (agglomerated sodium phosphate blend (AGSP); BRIFISOL
®
550; BK Giulini 
Corp., Simi Valley, CA), a combination of 0.25% potassium acetate (PA) and 0.58% 
potassium lactate (PL) (Ultra Pure Bestate-P4218; Hawkins, Minneapolis, MN), and/or 
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0.05% liquid smoke (Aro-smoke
®
 8068; pH = 3.5-4.5; Red Arrow Products Company, 
Manitowox, WI) in the product prior to the brining process (Fig.6.1). Catfish fillets were 
tumbled for 5 min at 20 rpm, 4°C, and a pressure of 20 mm Hg. After tumbling, the 
treated fillets from (1) and (2) were equally divided into three parts; approximately 5 kg 
of each part. A total of 8 treatments were soaked in a separate container containing 14.6% 
(w/v) sodium chloride solution at a ratio of 1:2 (w/w) for 30 min at 4
o
C (Fig.6.1). After 
soaking, the fillets were removed from the brine and stored in a refrigerator overnight 
prior to thermal processing (Fig.6.1). Two treatments, one from (1) and another from (2), 
were further soaked in a 25% liquid smoke (Charsol
®
 5105; pH = 2.5-35; Red Arrow 
Products Company, Manitowox, WI) for 1 min prior to thermal processing (Fig.6.1). 
 
6.2.2 Thermal Processing 
Three batches of thermal processing (no-smoke, liquid-smoke, and wood-smoke) 
were conducted with a total of eight different treatments. The fillets were cooked in a 
Kemetec smokehouse (Model 100XLT, Kemetec, Charlotte, NC) to an internal 
temperature of 65
o
C and held for 30 min at that temperature. All fillets were placed skin 
side down on stainless steel expanded metal racks in the smokehouse. A five step thermal 
processing procedure was used:  1) Smokehouse temperature at 53.9
o
C for 30 min with 
30% relative humidity, 2) Smokehouse temperature at 70.4
o
C for 30 min with 30% 
relative humidity, 3) Smokehouse temperature at 86.9
o
C for 30 min with 30% relative 
humidity, 4) Smokehouse temperature at 86.9
o
C with 30% relative humidity until the 
internal temperature reached 65
o
C, and 5) Smokehouse temperature at 86.9
o
C for 30 min 
to hold the cooked fillets. 
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The same program was also applied without smoke for non-smoked catfish fillets. 
After thermal processing, the ready-to-eat catfish fillets were cooled at refrigeration 
temperature for 30 min prior to placement on polyethylene trays (PLS3-100Y, Cryovac
®
, 
Duncan, SC), overwrapped with stretch film (SD-310, Cryovac
®
, Duncan, SC), and 
aerobically stored at 4°C.  pH, surface color, tenderness, water activity, moisture content, 
total salt content and water phase salt were measured within 24 hours of thermal 
processing. The remaining catfish fillets were frozen within one week of heat processing 
for descriptive and consumer acceptability evaluation.  
 
6.2.3 Physicochemical Measurements 
 
 
6.2.3.1 Cooking Yield 
Cooking yield was calculated as cooked weight expressed as a percentage of raw 
weight (approximately 44 fillets per treatment for each replication). 
 
6.2.3.2 pH Measurement 
A pH meter (Model Accumet 61a, Fisher Scientific, Hampton, NH) with a meat 
penetrating pH probe (Model FlexipHet SS Penetration tip, Cole Palmer, Vernon Hills, 
IL) was inserted directly into the muscle at approximately the center of each catfish fillet 
(4 fillets per treatment for each replication; n=12) for each treatment. 
 
6.2.3.3 Instrumental Color 
Instrumental color measurements were taken at the same three locations on the 
surface of each fillet (4 fillets per treatment for each replication; n=12) using a chroma 
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meter (Chromameter Model CR-200, Minolta Camera Co., Ltd., Osaka, Japan Serial No 




Tenderness was assessed using an Instron Universal Testing Center (Model 3300, 
Instron, Norwood, MA) that was equipped with a Kramer shear compression cell (CS-2) 
and set at a chart and crosshead speed of 100 mm/min (Marroquin and others 2004).  For 
each test, a 25 g square piece (approximately 3x4 cm) from the center of the cooked fillet 
(4 fillets per treatment for each replication; n=12) was placed in the Kramer cell and 
sheared once. Shear force (N/g) was reported as the highest peak in the texturegram and 
total energy (J/g) as the area under the texturegram (Marroquin and others 2004). 
 
6.2.3.5 Salt Determination 
Each fillet (3 fillets per treatment for each replication; n=9) was ground with an 
electric food chopper (Model HC306, Black and Decker, Corporation, Towson, MD) for 
30s.  Five grams of sample was weighed and placed into a 250mL Erlenmeyer flask. 
Boiling water (100mL) was added and swirled every 10-15 min while cooling to 50-
55
o
C. Titration was performed by adding 2 mL of potassium chromate solution (K2CrO4, 
5%) and titrated with standardized 0.1 N AgNO3 until an orange-brown color persisted 
for 30s. The results were expressed as a percentage of salt using this formula: 












































6.2.3.6 Moisture Content 
Five grams of ground sample (3 fillets per treatment for each replication; n=9) 
was placed on a pre-weighed aluminum dish, and placed in an oven at 100
o
C (Fisher 
Isotemp® oven, Model 625G, Fisher Scientific) for 24 h (AOAC 950.46 1990). The 
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6.2.3.7 Water Phase Salt 














6.2.3.8 Water Activity 
An AQUA LAB water activity meter (Decagon devices Inc., Pullman, WA) was 
used to determine the water activity of 3 g of ground sample (3 fillets per treatment for 
each replication; n=9) that was placed in a water activity cup. 
 
6.2.4 Microbial Analysis 
 
 
6.2.4.1 Preparation and Inoculation of Listeria Monocytogenes on Smoked  Catfish Fillets 
L. monocytogenes (ATCC 19111, 19115, and 7644) were purchased from the 
American Type Culture Collection (ATCC; Manassas, VA, USA). L. monocytogenes 
were individually maintained on tryptic soy agar (Difco, Fisher Scientific). For the stock 
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culture, a loop of each strain of L. monocytogenes was transferred from a slant into 10 
mL tryptic soy broth (Difco, Fisher Scientific) and incubated at 37ºC on an orbital bench 
top shaker (New Brunswick Scientific Co., model G76D, Edison, NJ) for 24 h to obtain a 
~ 10
9
 CFU/mL cell suspension. Equal volumes of cell suspensions of 2 successive 
intervals of the 3 strains of L. monocytogenes were combined to provide approximately 
equal populations of each strain. The prepared cocktail suspensions were diluted to ~10
6
 
CFU/mL with 0.1% peptone water (Difco, Fisher Scientific). Listeria-free smoked catfish 
fillets (3 fillets for each treatment within each replication) were aseptically placed in a 
class II biohazard cabinet (Labconco® cooperation, Kansas City, MO) and sprayed by an 
adjustable stream line sprayer (237 mL) with the suspension of each pathogen cocktail. 
An inoculum size of ~10
4
 CFU/g was achieved by spraying 1 mL of the suspension with 
~10
6
 CFU/mL onto both sides of the catfish fillet. Inoculated catfish fillets were then 
dried under the same cabinet for 2 h (1 h on each side) to remove extra moisture from the 
fillets. Inoculated and dried smoked catfish fillets were individually packed in a Ziploc
®
 
storage bag and held at 4±1ºC and sampled on days 1, 7, and 14.  
 
6.2.4.2 Enumeration of Listeria  Monocytogenes on Smoked Catfish Fillets 
Twenty five grams of inoculated smoked catfish fillets were aseptically cut (3 
fillets per treatment for each replication; n=9), weighed, and homogenized with 225 mL 
of 0.1% sterilized peptone water in a stomacher (Seward, Cincinnati, OH, U.S.A.) for 60 
sec. After serial dilutions, 0.1 milliliter of each dilution was inoculated on modified 
Oxford agar (Difco, Fisher Scientific) plates supplemented with colistin sulfate and 
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moxalactam (Difco, Fisher Scientific) for determination of L. monocytogenes counts by 
the spread plate technique and then incubated at 30 ± 2°C for 48 h. 
 
6.2.5 Descriptive Sensory Analysis of Smoked Catfish Fillets 
Six treatments were selected for descriptive analysis (non-smoked fillets were not 
evaluated). The frozen smoked catfish fillets were thawed overnight at refrigeration 
temperature, and then cut into pieces (2.5 cm x 2.5 cm) and assessed by a panel of 9 
members. Prior to the tests, three 1 hr training sessions were conducted to calibrate the 
panelists with prior muscle food sensory evaluation experience (>50 hours/person; >10 
hours experience with catfish) to be familiar with smoked catfish fillets.  A total of 3 
sessions were conducted where six smoked catfish treatments (4 fillets for each treatment 
for each replication) were evaluated for every session. The descriptors were rated using a 
15-point intensity line scale where 0=not detected and 15=extremely strong with respect 
to smoke odor, saltiness, sourness, bitterness, smoke flavor, rancidity and juiciness. For 
color, the 15-cm line was marked “pale” on the left hand side (0 cm), “tan” on the middle 
(7.5 cm) and “dark” on the right hand side (15 cm). For hardness, the 15-cm line was 
marked  “mushy” on the left hand side (0 cm), “firm” on the middle (7.5 cm) and “tough” 
on the right hand side (15 cm) (Meilgaard and others 2007; Garner 2002). 
  
6.2.6 Consumer Acceptability of Smoked Catfish Fillets 
Consumer acceptability of four smoked catfish samples was evaluated by two 
consumer based sensory panels (n=120 consumers; n=60 consumers per replication).  
These treatments were chosen based on desirable sensory properties and antimicrobial 
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effectiveness against L. monocytogenes. Panelists evaluated four smoked catfish samples 
under white lighting, in a well ventilated and temperature controlled room. Each panelist 
received 1 piece (2.5 cm x 2.5 cm) of each treatment in 2-oz. plastic containers with lids 
bearing three-digit random numbers. Panelists were provided with water, unsalted 
crackers, and expectorant cups to remove residual flavors in between sample evaluations. 
Panelists were asked to evaluate each smoked catfish sample based on overall 
acceptability and the acceptability of appearance, odor, flavor and texture using a 9-point 
hedonic scale. The scale used was as follows: 1-Dislike extremely, 2-Dislike very much, 
3-Dislike moderately, 4-Dislike slightly, 5-Neither like nor dislike, 6-Like slightly, 7-
Like moderately, 8-Like very much and 9-Like extremely (Meilgaard and others 2007). 
 
6.2.7 Statistical Analysis 
A split-plot design in a randomized complete block design (RCBD) with three 
replications was utilized to determine if difference existed (P<0.05) among treatments 
(SAS Version 9.2, Cary, NC) with respect to cooked yield, pH, color, water activity, 
moisture content, total salt content, water phase salt, tenderness, descriptive sensory 
evaluation and microbial analysis. The main plots were the catfish fillets that were 
tumbled with or without antimicrobials. Four smoking treatments [no smoke (NS), wood 
smoke (WS), liquid smoke 1 (LS1), and liquid smoke 2 (LS2)] were assigned to the 
subplots in a RCBD structure. A split-split plot design in a randomized complete block 
design was utilized to determine if differences existed (P<0.05) among treatments, time 
(1, 7, 14 days), and treatment*time interaction (SAS Version 9.2, Cary, NC) for L. 
monocytogenes plate counts of smoked catfish fillets. A randomized complete block 
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design with 2 replications was used to determine if differences existed (P<0.05) among 
treatments with respect to consumer acceptability. The Least Significant Difference 
(LSD) test was utilized to separate main effect treatment means (P<0.05) when 
significant differences occurred among treatments (SAS Version 9.2, Cary, NC).   
Agglomerative hierarchical clustering using Wards Method (XL Stat 2006) was 
performed to group panelist observations together based on their preference and liking of 
smoked catfish fillet treatments. After separating the data into clusters, the entire data set 
was evaluated to confirm that the data for each panelist was relatively close to the means 
of the treatments that were within the cluster that they were grouped into. After 
conducting agglomerative hierarchical clustering, randomized complete block designs 
were performed within each cluster, and the fishers protected least significant difference 
(LSD) test was utilized to separate treatment means within a cluster when significant 
differences (P<0.05) occurred among treatments.   
 
6.3 Results and Discussion 
 
 
6.3.1 Physicochemical Analysis 
Since no differences existed (P>0.05) among catfish fillets treated with and 
without antimicrobials, mean data was reported for smoke treatments, for 
physicochemical measurements (cooking yields, water activity, moisture, salt content, 
color, texture) (Table 6.1). In the current study, cooking yield ranged from 63% to 69% 
(data not shown), with no differences (P>0.05) among treatments. These results are 
similar to those of Mathias and others (2003), who evaluated the effects of vacuum 
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tumbling with direct salting or brining on smoked trout fillets and reported that cooking 
yields ranged from 64% to 65%. In addition as brine percentage is increased (10-18%), 
yields increase in smoked fish products (Gallart-Jornet and others 2007; Jittinandana and 
others 2002).  No differences existed (P>0.05) among treatments with respect to pH, Aw, 
moisture content, total salt content, and water-phase salt. The pH values ranged from 6.2 
to 6.3 for all treatments, which are similar to results (5.9-6.3) that have been reported in 
previous research (Hwang and others 2009). However, Jittinandana and others (2002) 
concluded that the brine concentration and brining time did not affect the pH of smoked 
fish. The Aw values ranged from 0.958 to 0.968. This was also expected since the Aw 
values of smoked fish usually range from 0.95 to 0.98 (Hwang and others 2009). 
Similarly, the Aw values reported by Palmer and others (2010) for hot smoked salmon 
and mackerel were 0.94-0.96. Moisture content ranged from 63.8-67.1% which was 
slightly higher than those reported by Jittinandana and others (2002). The lower moisture 
content in the referenced study was probably due to the greater brine concentration that 
caused dehydration of the fillets and denaturation of muscle protein. These authors stated 
that a higher brine concentration (17.4%) decreased moisture content (59.1%). 
Total salt content ranged from 3.02-3.71%. This was similar to results reported in 
previous studies for smoked Atlantic salmon (Salmo salar) fillets at 3.3-3.9% 
(Sigurgisladottir and others 2000) and 3.2% for hot smoked mackerel (Palmer and others 
2010). Water-phase salt ranged from 4.4% to 5.4%, which was slightly higher than the 
regulatory minimum of 3.5% water-phase salt for vacuum packed hot-smoked fish (FDA 
1997a) and 2.5% required for non-vacuum packed products (FDA 1997a). This indicates 
 
 130 
that the smoked catfish fillets obtained from this study were stable with respect to C. 
botulinum and toxin formation. Similarly, Goktepe and Moody (1998) reported that the 
water-phase salt of catfish fillets was approximately 3.83% to 3.98% after brining with 
10% NaCl for 10 h. Increasing brine concentration increases the water-phase salt 
concentration of smoked fillets, and increased water-phase salt corresponds with 
decreased water activity (Jittinandana and others 2002).  
 
Table 6.1  pH, water activity, moisture content, total salt and water-phase salt of 
smoked catfish fillets that were enhanced with salt, an agglomerated blend 
of sodium phosphates and a combination of potassium acetate (PA) and 




 pH Aw 
Moisture  
Content (%) 




No smoke (NS) 6.27 0.959 63.8 3.64 5.40 
Wood smoke (WS) 6.25 0.958 65.2 3.71 5.42 
Liquid smoke 1 (LS1) 6.20 0.968 65.6 3.02 4.41 
Liquid smoke 2 (LS2) 6.34 0.961 67.1 3.64 5.16 
S.E. 0.04 0.0028 0.88 0.22 0.35 
 
abc
: Means with the same letter within each column are not significantly different (P>0.05) 
1
: No smoke (NS) = Fillets tumbled with 0.5% salt + 0.45% phosphate with/out 0.25% PA + 
0.58% PL and cooked without smoke; Wood smoke (WS) = Fillets tumbled with 0.5% salt + 
0.45% phosphate with/out 0.25% PA + 0.58% PL and cooked with mixed hickory-hardwood chip 
smoke; Liquid smoke 1 (LS1) =  Fillets tumbled with 0.5% salt + 0.45% phosphate with/out 
0.25% PA + 0.58% PL, dipped in mixed hardwood liquid smoke and cooked without smoke; and  
Liquid smoke 2 (LS2) =  Fillets tumbled with 0.5% salt + 0.45% phosphate + 0.05% hickory 
liquid smoke with/out 0.25% PA + 0.58% PL and cooked without smoke 
 
 
WS and LS1 treatments had lower (P<0.05) CIE L* values and higher (P<0.05) 
CIE a* values than the NS and LS2 treatments (Table 6.2). This indicates that WS and 
LS1 produced smoked catfish fillets with a darker color than other treatments. In 
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addition, the WS treatment had the highest CIE b* values (18.9) which were similar to 
those (18.9) reported by Goktepe and Moody (1998). This is an indicator of the wood 
smoke imparting a dark brown color that has more yellow than catfish fillets from liquid 
smoke treatments.  No differences existed (P>0.05) among treatments with respect to 
shear force and total energy (Table 6.2). The force required to shear the smoked catfish 
fillet samples ranged from 23.9 to 29.3 N/g which was higher than those (17.0 N/g) for 
non-smoked (baked) catfish fillets that were marinated and baked (Kin and others 2011). 
This may partially be due to lower moisture content and a higher salt content in smoked 
fish. 
 
Table 6.2  Surface color, shear force and total energy values of smoked catfish fillets 
that were enhanced with salt, an agglomerated blend of sodium phosphates 

























 28.5 0.29 






 29.3 0.33 






 23.9 0.28 






 25.2 0.27 
S.E.   0.54 0.23 0.20     0.76 0.0074 
 
abc
: Means with the same letter within each column are not significantly different (P>0.05) 
1
: Shear force (N/g) = Maximum peak force required to shear through the sample 
2
: Total energy (J/g) = Area under the curve required to shear through the sample 
3
: No smoke (NS) = Fillets tumbled with 0.5% salt + 0.45% phosphate with/out 0.25% PA + 
0.58% PL and cooked without smoke; Wood smoke (WS) = Fillets tumbled with 0.5% salt + 
0.45% phosphate with/out 0.25% PA + 0.58% PL and cooked with mixed hickory-hardwood chip 
smoke; Liquid smoke 1 (LS1) =  Fillets tumbled with 0.5% salt + 0.45% phosphate with/out 
0.25% PA + 0.58% PL, dipped in mixed hardwood liquid smoke and cooked without smoke; and  
Liquid smoke 2 (LS2) =  Fillets tumbled with 0.5% salt + 0.45% phosphate + 0.05% hickory 





6.3.2 Microbial Analysis 
 In general, gram-positive bacteria are more sensitive toward lactate than gram-
negative bacteria under optimum growth conditions (pH 6.5, 20°C) (Houtsma and others 
1993), and there is a synergistic inhibitory effect when lactate and diacetate are used to 
inhibit the growth of pathogenic organisms, particularly L. monocytogenes in RTE meat 
products. Yoon and others (2004) reported that the combination of 2.5% sodium lactate 
(SL) and 0.2% sodium diacetate (SDA) can greatly enhance the safety of refrigerated and 
temperature-abused RTE meats. Potassium acetate and lactate are effective antimicrobials 
and are increasing in use since their carrier is potassium and not sodium. 
In the current study, the effect of combined potassium lactate (PL) and acetate 
(PA) with liquid smoke and wood smoke was observed for the growth of L. 
monocytogenes on smoked catfish fillets. The initial inoculum of L. monocytogenes in all 
treatments was approximately 4.6 log10 CFU/g on day 1 (Fig.2). On average, there was 
1.2 log CFU/g less growth on smoked catfish fillets treated with antimicrobials when 
compared to smoked catfish fillets treated without antimicrobials, and L. monocytogenes 
counts increased (P<0.05) as storage time increased. Aw values below 0.92 are 
prohibitive for growth of L. monocytogenes (Petran and Zottola 1989). In our study, Aw 
values of all treatments were above this limit, which indicates that smoked catfish fillets 
support L. monocytogenes growth. After 7 days of storage, the NSWOA treatment had 
higher (P<0.05) L. monocytogenes counts than other treatments with an exception of the 
LS2WOA treatment, and a listeriostatic effect was observed with only the wood smoke 














































































































































































































































































































































































After 7 days of storage, there was 1.3 log CFU/g less growth on WSWA-treated 
fillets when compared to WSWOA-treated fillets and 1.0 log CFU/g less growth on 
LS1WA-treated filleted when compared to LS1WOA-treated fillets. After 14 days of 
storage, the WSWA treatment had lower (P<0.05) L. monocytogenes counts than other 
treatments with an exception of the LS1WA treatment (Fig.6.2), and there was 2.8 log 
CFU/g less growth on WSWA-treated fillets when compared to WSWOA-treated fillets 
while there was only 1.9 log CFU/g less growth on LS1WA-treated fillets when 
compared to LS1WOA-treated fillets (Fig.6.2). Results from this study are similar to 
those of Yoon and others (2004) since use of wood smoke, 0.25 % potassium acetate and 
0.58 % potassium lactate inhibited L. monocytogenes growth on wood smoked catfish 
fillets. Yoon and others (2004) reported that the use of combined potassium lactate and 
sodium diacetate completely inhibited the growth of L. monocytogenes Scott A on 
smoked salmon stored at 4
o
C during 32 days of storage. 
 
6.3.3 Descriptive Sensory Analysis of Smoked Catfish Fillets 
WS, LS1 and LS2 treatments were selected for descriptive sensory evaluations. 
Six smoked catfish samples were described and differentiated by a trained descriptive 
panel using basic taste descriptors (salty, bitter and sour) with other descriptors such as 
color, smoke odor, smoke flavor, rancid, juicy and texture. The catfish fillets from LS2 
treatment were less bitter, less sour, and more tender (P<0.05) than those from WS and 
LS1 treatments (Table 6.3). The mean intensity values of the sensory descriptor for the 
catfish fillets ranged from 7.0 to 7.8 for saltiness, 0.35 to 0.80 for rancidity and 5.9 to 6.6 
for juiciness on a 15-point scale.  
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Catfish fillets that were treated with WS were more sour than those treated with 
LS2 with an exception of LS1. This was probably due to the presence of carboxylic acids 
in wood smoke. On average, panelists described the texture of all smoked catfish fillets 
between ‘mushy’ and ‘firm’ which indicates that the samples were slightly tender. The 
WS treatment had the highest scores with respect to smoke odor, smoke flavor and color 
intensities (Table 6.3). The mean intensity values of the sensory descriptor for the catfish 
fillets were 8.5 for smoke odor, 8.9 for smoke flavor and 8.1 for color on a 15-point scale. 
This indicates that the WS treatment enhanced the sensory characteristics of smoked 
catfish fillets. 
 
Table 6.3  Mean scores
1
 for the descriptive sensory evaluation of smoked catfish fillets 
that were enhanced with salt, an agglomerated blend of sodium phosphates 


















































S.E. 0.27 0.26 0.04 0.02 0.17 0.14 
 
abc
: Means with the same letter within each column are not significantly different (P>0.05) 
1




: No smoke (NS) = Fillets tumbled with 0.5% salt + 0.45% phosphate with/out 0.25% 
PA + 0.58% PL and cooked without smoke; Wood smoke (WS) = Fillets tumbled with 
0.5% salt + 0.45% phosphate with/out 0.25% PA + 0.58% PL and cooked with mixed 
hickory-hardwood chip smoke; Liquid smoke 1 (LS1) =  Fillets tumbled with 0.5% salt + 
0.45% phosphate with/out 0.25% PA + 0.58% PL, dipped in mixed hardwood liquid 
smoke and cooked without smoke; and  Liquid smoke 2 (LS2) =  Fillets tumbled with 
0.5% salt + 0.45% phosphate + 0.05% hickory liquid smoke with/out 0.25% PA + 0.58% 




6.3.4 Consumer Acceptability of Smoked Catfish Fillets 
Wood smoke and Liquid Smoke 1 samples were evaluated for consumer 
acceptability due to their descriptive sensory attributes, quality and effectiveness at 
inhibiting Listeria monocytogenes growth.  WSWA and WSWOA treatments had higher 
(P<0.05) acceptance scores with respect to appearance, odor, flavor, texture and overall 
acceptability when compared to LS1WA and LS1WOA treatments (Table 6.4). WSWA 
and WSWOA had average consumer scores of approximately 7, signifying “like 
moderately” with respect to appearance, odor, flavor, texture, and overall acceptability 
(Table 6.4). This indicates a high degree of acceptance among consumers.  
 
Table 6.4  Mean scores
1
 for overall consumer acceptability (n=120) of smoked catfish 
fillets that were enhanced with salt, an agglomerated blend of sodium 





















































S.E. 0.14 0.13 0.13 0.14 0.14 
 
abc
: Means with the same letter within each column are not significantly different (P>0.05) 
1
: Scores were based on a 9-point hedonic scale (1=dislike extremely, 5=neither like nor dislike, 9=like 
extremely) 
2
: Wood smoke with antimicrobials (WSWA) = Fillets tumbled with 0.5% salt + 0.45% phosphate with 
0.25% PA + 0.58% PL and cooked with mixed hickory-hardwood chip smoke; Wood smoke without 
antimicrobials (WSWOA) = Fillets tumbled with 0.5% salt + 0.45% phosphate and cooked with mixed 
hickory-hardwood chip smoke; Liquid smoke 1 with antimicrobials (LS1WA) =  Fillets tumbled with 0.5% 
salt + 0.45% phosphate with 0.25% PA + 0.58% PL, dipped in mixed hardwood liquid smoke and cooked 
without smoke; and  Liquid smoke 1 without antimicrobials (LS1WOA) =  Fillets tumbled with 0.5% salt + 




According to the descriptive analysis carried out by the trained panel (Table 6.3), 
smoked catfish fillets which received higher consumer acceptability scores had more 
intense color, smoke odor and smoke flavor attributes when compared to liquid smoke 
samples.  
Agglomerative hierarchical clustering (AHC) was performed to further elucidate 
the panelists’ attitude toward the smoked catfish fillets. The dendrogram generated by the 
AHC analysis indicated the presence of five clusters based on their liking and preference 
of catfish fillets. Cluster 1 (25.8% of the panelist observations) moderately liked (P<0.05) 
smoked catfish fillets (WSWA and WSWOA) and preferred them (P<0.05) over LS1WA 
and LS1WOA samples. This group did not like catfish fillets from LS1WA and 
LS1WOA treatments (Table 6.5). Cluster 2 (51.7% of the panelist observations) 
contained consumers who liked all smoked catfish fillets between “like moderately” to 
“like very much”. However, this group preferred (P<0.05) smoked catfish fillets treated 
with WSWA, WSWOA and LS1WA when compared to the LS1WOA samples. Cluster 
3, which included 9% of the panelist observations, preferred (P<0.05) smoked catfish 
fillets treated with WSWOA. This group did not like (P<0.05) smoked catfish fillets 
treated with WSWA. Cluster 4 (11.7% of the panelist observations) preferred (P<0.05) 
smoked catfish fillets treated with LS1WA and had higher liking scores for catfish fillets 
from the liquid smoked samples. This group did not like (P<0.05) smoked catfish fillets 
treated with WSWOA. Cluster 5 which comprises of 3.3% of the panelist observations 
did not like all smoked catfish fillets with mean scores ranging from 1.8-2.8 on a 9-point 
hedonic scale.  
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Table 6.5  Mean scores
1
 for overall consumer acceptability (n=120) of smoked catfish 
fillets that were enhanced with salt, an agglomerated blend of sodium 
phosphates and a combination of potassium acetate (PA) and potassium 







 (n) WSWA WSWOA LS1WA LS1WOA 




































5 4 (3.3%) 1.6 2.8 1.8 2.5 
 
abc
: Means with the same letter within each row are not significantly different (P<0.05) 
1
: Scores were based on a 9-point hedonic scale (1=dislike extremely, 5=neither like nor dislike, 
9=like extremely) 
2
: Wood smoke with antimicrobials (WSWA) = Fillets tumbled with 0.5% salt + 0.45% 
phosphate with 0.25% PA + 0.58% PL and cooked with mixed hickory-hardwood chip smoke; 
Wood smoke without antimicrobials (WSWOA) = Fillets tumbled with 0.5% salt + 0.45% 
phosphate and cooked with mixed hickory-hardwood chip smoke; Liquid smoke 1 with 
antimicrobials (LS1WA) =  Fillets tumbled with 0.5% salt + 0.45% phosphate with 0.25% PA + 
0.58% PL, dipped in mixed hardwood liquid smoke and cooked without smoke; and  Liquid 
smoke 1 without antimicrobials (LS1WOA) =  Fillets tumbled with 0.5% salt + 0.45% phosphate, 




It is apparent from this research that a combination of commercially available 
potassium lactate and acetate did not change the quality and sensory characteristics of 
smoked catfish fillets, but showed some inhibition of Listeria monocytogenes when 
combined with wood smoke and liquid smoke. Use of potassium acetate and lactate and 
wood smoke is also a viable option for producing smoked catfish with quality that is 






SUMMARY AND CONCLUSIONS 
 
The first two experiments were designed to evaluate the effects of phosphate type 
and salt on the quality and shelf-life of refrigerated catfish fillets through vacuum 
tumbling or multi-needle injection. For the vacuum tumbling experiment, a specific blend 
of agglomerated sodium phosphates (AGSP) that contains mono-, tri-, and 
polyphosphates had less protein exudate and higher pH than other treatments. All 
phosphate treatments increased yield and tenderness and decreased purge loss, but 
agglomerated phosphate blends minimized cooking loss. Psychrotrophic plate counts 
(PPC) for all phosphate treatments were similar to the control at each storage time, and 
the PPC of all samples reached 7 log CFU/g by 7 days of storage. For the multi-needle 
injection experiment, all phosphate treatments increased tenderness, but AGSP increased 
pH and yields and decreased CIE L* and CIE b*. The PPC of fillets that were treated 
with the agglomerated blend of polyphosphates (AGPP) had lower PPC than the control 
at each storage time, but the PPC of all samples reached 7 log CFU/g by 8 days of 
storage. In conclusion, all phosphate treatments improved yields and quality when 
compared to the non-enhanced control. However, AGSP was the most effective 
phosphate at increasing pick-up and yields and decreasing cooking loss due to the pH 
effect that causes more water to be trapped within the myofibrillar protein structure. 
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The third experiment was designed to determine the effects of agglomerated 
sodium phosphates (AGSP) in conjunction with potassium acetate (PA) and/or potassium 
lactate (PL) on the quality, shelf-life and sensory characteristics of enhanced catfish 
fillets. All treated fillets increased cooking yields and CIE a* values, and decreased CIE 
L* and b* values in the catfish fillets when compared to the untreated fillets. The fillets 
treated with a combination of PA and PL had lower PPC and lower sensory spoilage 
scores than the control treatments on days 7, 10 and 14. In addition, consumers preferred 
treated catfish fillets (fried) with respect to appearance, flavor and overall acceptability 
over the control. In conclusion, the combination of PA and PL extended shelf-life without 




The fourth experiment was designed to evaluate the effects of AGSP and PA+PL 
in conjunction with liquid or wood smoking on the quality and inhibition of L. 
monocytogenes growth in ready-to-eat (RTE) smoked catfish fillets. Wood smoke (WS) 
and liquid smoke 1 (LS1) led to the production of smoked catfish fillets with increased 
CIE a* values and decreased CIE L* values.  WS with antimicrobials showed greater 
inhibition of L. monocytogenes than other treatments with the exception of LS1 with 
antimicrobials. Consumers preferred smoked catfish fillets treated with WS to LS1 with 
respect to appearance, odor, flavor, texture and overall acceptability. In conclusion, use 
of PL and PA did not impact the quality and sensory properties of smoked catfish fillets 




In summary, it is apparent from this research that AGSP which contains mono-, 
tri- and polyphosphates and is designed for use in high acid meat brines optimized yields 
and improved quality attributes of refrigerated catfish fillets through vacuum tumbling or 
multi-needle injection,  In addition, the use of PA+PL in conjunction with AGSP 
extended the shelf-life of refrigerated catfish fillets to between 10 and 14 days, and the 
use of PA and PL in conjunction with wood smoke inhibited the growth of L. 
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1. Evaluate the appearance of each sample by seeing. 
2. Evaluate the texture of each sample by touching. 
3. Sniff the odor of each sample to evaluate its spoilage intensity. 















• Spoiled odor: Fishy, hydrogen sulfite, ammonia or putrid 
• Very soft: Not elastic 
 





Figure A.1   Sensory evaluation sheet used by trained panelist to evaluate raw catfish fillets 







Very firm Very soft 
Texture 
Very fresh Very spoiled 
Odor 




SENSORY EVALUATION OF RAW CATFISH FILLETS 
 
Name: _______________               Date: ______________ 
 
Directions: Please mark the presented samples of raw catfish fillets on a line in each 
category which most closely represents your judgment of each attribute.   





































Figure A.2   Sensory evaluation sheet used by trained panelist to evaluate raw catfish fillets 







Off-odor: Perception of strong unacceptable odors (chemicals, blue-green algae, decay…) 





III. Physical compression evaluation: Firmness 
Extremely 
soft 
Firmness: Perception of compact and solid when pressed the fillet by finger 













SENSORY EVALUATION OF DEEP-FRIED CATFISH FILLETS 
 
Name: _______________               Date: ______________ 
 
Directions: Please taste each sample provided.  If you do not wish to swallow the 
sample, you may expectorate it in the cup and rinse with the water provided. Mark 
each sample on a horizontal line in each category which most closely represents 
your judgment of each attribute. Please rate all attributes for one sample before 
evaluating the next sample. 
     

































Figure A.3   Sensory evaluation sheet used by trained panelist to evaluate fried catfish fillets 




Off-flavor: The desirable flavors associated with chemicals (oxidized, rancid, fermented, sulfury, etc.)  
Salty: The taste on tongue associated with sodium ions 
Sour: The taste on tongue associated with acids, such as citric, lactic, acetic, phosphoric etc. 
Bitter: The taste on tongue associated with caffeine 





















Samples:  CATFISH FILLETS    Date: ______________ 
 
 
Please taste each sample provided.  If you do not wish to swallow the sample, you 
may expectorate it in the cup and rinse with the water provided.  Rate each sample 
in each of the five categories listed. Please rate all attribute for one sample before 
evaluating the next sample. 
 
Directions: Score odor immediately after sniffing. Score appearance before tasting. 
Proceed to evaluate texture and flavor by tasting one sample at a time. 
 
Sample 917 ODOR APPEARANCE FLAVOR TEXTURE 
OVERALL 
ACCEPTABILITY 
Like extremely      
Like very much      
Like moderately      
Like slightly      
Neither like nor dislike      
Dislike slightly      
Dislike moderately      
Dislike very much      
Dislike extremely      
 
 
Sample 113 ODOR APPEARANCE FLAVOR TEXTURE 
OVERALL 
ACCEPTABILITY 
Like extremely      
Like very much      
Like moderately      
Like slightly      
Neither like nor dislike      
Dislike slightly      
Dislike moderately      
Dislike very much      
Dislike extremely      
 
 
Figure A.4   Sensory evaluation sheet used by consumers to evaluate fried catfish fillets 





Sample 635 ODOR APPEARANCE FLAVOR TEXTURE 
OVERALL 
ACCEPTABILITY 
Like extremely      
Like very much      
Like moderately      
Like slightly      
Neither like nor dislike      
Dislike slightly      
Dislike moderately      
Dislike very much      
Dislike extremely      
 
 
Sample 365 ODOR APPEARANCE FLAVOR TEXTURE 
OVERALL 
ACCEPTABILITY 
Like extremely      
Like very much      
Like moderately      
Like slightly      
Neither like nor dislike      
Dislike slightly      
Dislike moderately      
Dislike very much      
Dislike extremely      
 
 




Figure A.4   Continued: Sensory evaluation sheet used by trained panelist to evaluate fried and 
smoked catfish fillets enhanced with salt, phosphate type, and antimicrobials 
















SENSORY EVALUATION OF SMOKED CATFISH FILLETS 
 
Name: _______________               Date: ______________  
 
Directions: Please taste each sample provided.  If you do not wish to swallow the sample, 
you may expectorate it in the cup and rinse with the water provided. Mark each sample on 
a horizontal line in each category which most closely represents your judgment of each 
attribute. Please rate all attributes for one sample before evaluating the next sample. 
         
 
|----|----|----|----|----|----|----|----|----|----|----|----|----|----|----|            
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Figure A.5   Sensory evaluation sheet used by trained panelist to evaluate smoked catfish fillets 
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